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Abstract 
 
Recovery of catastrophic damage requires a robust chemistry capable of addressing the 
complex challenges encountered by autonomic regeneration. Although self-healing polymers 
have the potential to increase material lifetimes and safety, these systems have been limited to 
recovery of internal microcracks and surface damage. Current technologies thereby fail to 
address the restoration of large, open damage volumes. A regenerative chemistry was developed 
by incorporating a gel scaffold within liquid healing agents. The healing system undergoes two 
stages, sol-gel and gel-polymer. Stage 1, rapid formation of a crosslinked gel, creates a synthetic 
support for the healing agents as they deposit across the damage region. Stage 2 comprises the 
polymerization of monomer using a room temperature redox initiation system to recover the 
mechanical properties of the substrate. The two stages are chemically compatible and only react 
when a specific reaction trigger is introduced – an acid catalyst for gelation and initiator-
promoter for polymerization. Cure kinetics, chemical and mechanical properties can be tuned by 
employing different monomer systems. The versatile gelation chemistry gels over 20 vinyl 
monomers to yield both thermoplastic and thermosetting polymers. The healing efficacy of the 
two-stage system was studied in thin, vascularized epoxy sheets. By splitting the chemistry into 
two low viscosity fluids, we demonstrated regeneration of gaps up to 9 mm in diameter. The 
combination of microvascular networks and a new healing chemistry demonstrates an innovative 
healing system that significantly exceeds the performance of traditional methods. 
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Chapter 1 - Introduction 
1.1 Self-healing Materials 
Over the last century, the performance of materials has dramatically improved. Through 
understanding of structure-property relationships, modern materials have grown in complexity 
and functionality. Further advancement requires new technologies that are capable of increasing 
the lifetime and reliability of materials. Strategies to improve materials have previously been 
focused on preventing damage, i.e. careful design such that the formation and extension of 
damage is delayed as long as possible.
1,2
 In biology, materials utilize a different approach ─ the 
intrinsic ability to respond to damage and heal. This self-healing occurs countless times 
throughout the lifetime of the material. One of the best examples is bone remodeling in which 
bone is constantly resorbed and then formed through ossification.
3
 Modeled after biological 
systems, synthetic self-healing materials recover damage in response to a specific stimulus. 
Healing can be accomplished autonomously (mechanically triggered) or require an external 
source (e.g. light, heat, pressure).  
Self-healing approaches can be organized into three categories: capsule based, intrinsic, and 
vascular (Figure 1.1).
1
 Capsule based approaches encapsulate liquid healing agents in polymeric 
shells which are then embedded into a bulk material (Figure 1.1A). The healing agent is released 
when mechanical damage, such as crack formation, ruptures the shell wall. The liquids are drawn 
into the damage by capillary forces and polymerize to mend the surfaces together, stopping 
further propagation. Initiating polymerization is accomplished through a number of schemes. 
The method used by White et al., a capsule-catalyst system, illustrates one of the first examples 
of autonomic self-healing in polymeric materials.
4
 Microcapsules containing dicyclopentadiene 
(DCPD) were incorporated into an epoxy matrix with first generation Grubbs’ catalyst. After the 
capsules rupture, the DCPD comes into contact with the catalyst and polymerizes at room 
temperature through ring-opening metathesis polymerization. A second scheme uses multi-
capsules where both the healing agent and polymerization-initiating compounds are separately 
encapsulated. An example of this scheme from Cho et al. employed PDMS resin capsules with 
an encapsulated tin-based catalyst for corrosion reduction.
5
 Other schemes include latent 
functionality systems and phase separation. Latent functionality systems encapsulate the healing 
agents and use the residual functionality in the matrix material to induce polymerization.
6,7
 In 
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phase separation, the healing agent or catalyst is phase-separated in the matrix and the other is 
encapsulated.
5,8
 
 
Figure 1.1 Approaches to self-healing materials. (A) Capsule-based, damage of the 
matrix triggers release of encapsulated healing agents. (B) Intrinsic, latent functionality 
triggers self-healing of reversible reactions.  (C) Vascular, damage intersects embedded 
vasculature filled with healing fluids.
1
 
Intrinsic healing approaches utilize matrix materials with a latent healing functionality that 
triggers self-healing upon damage (Figure 1.1B).  Typically the matrix is composed of polymers 
with dynamic bonds such as hydrogen bonds
9
 and metal-ligand host-guest interactions.
10,11
 The 
cited examples display highly dynamic, reversible bonds that make the healing systems 
autonomous (i.e. mechanically triggered) and capable of undergoing multiple cycles of healing.
12
 
Higher strength intrinsic materials have been attained through less dynamic but still reversible 
covalent bonds, the most popular of which is thermoreversible Diels-Alder (DA) chemistries. 
These reversible bonds may be incorporated through attachment to the backbone of linear 
polymers
13,14
 or as chain-ends of oligomers
15
 that crosslink to form networks. Crack 
development ruptures the covalent DA bonds. Using heat or light increases the mobility of the 
polymer chains and remends the material. Other notable intrinsic systems employ ionomers to 
heal projectile puncture
16
 and silica-like malleable networks through catalyzed exchange 
reactions.
17
 
Vascular approaches offer a more biomimetic strategy that deliver healing agents through 
microchannels embedded in a substrate. When damage ruptures the vasculature, the healing 
agents are released into the damage volume (Figure 1.1C). Similar to intrinsic systems, vascular 
approaches can undergo multiple healing cycles due to a continuous supply of healing agents. 
Toohey et al. developed a three-dimensional vascular network containing DCPD. By 
incorporating Grubbs’ catalyst into the polymer surface coating, a single crack was healed up to 
seven times.
18
 Subsequent improvements to the network design increased the number of healing 
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cycles via delivery of two-part epoxy chemistries such that both healing components (resin and 
hardener/catalyst) could be continuously replenished.
19,20
 Another vascular method uses two-part 
epoxy in hollow glass fibers to heal structural, fiber-reinforced composites by “bleeding” after 
impact.
21
 
1.2 Challenges of Large Damage Volumes Healing 
While the field has grown considerably in the last 15 years, self-healing systems have been 
limited to recovery of microscopic defects and cracks.
1,4,15,22,23
 In contrast, catastrophic damage 
events can introduce millimeter-sized gaps into structural materials. Recovery of these large 
damage volumes poses significant challenges in terms of mass transport and the forces (e.g. 
gravity) that act upon healing agents in macroscale dimensions. For example, capsule approaches 
are limited to a single localized damage event, releasing a small payload. Moreover, the capsule 
size and concentration are optimized to deliver sufficient healing agent for each damage mode.
24
 
For large damage volumes, high concentrations of capsules are necessary, but incorporations 
above ~20 wt% significantly decrease the strength of the substrate material.
25
 Intrinsic systems 
are capable of multiple healing cycles; however, the damaged surfaces must remain in intimate 
contact to heal. The rebonding occurs on the molecular level; functional groups must be able to 
bridge the gap between surfaces.
15,22,26
 Vascular approaches have the most potential for large 
damage volume healing because they can deliver essentially limitless amounts of fluids. Though, 
like encapsulated approaches, vascular healing chemistries rely on capillary forces to pull fluids 
into and retain in crack planes.
4,19,20,27
 As the damage increases to millimeter-sized voids, the 
healing agents will leak from the damage volume rather than span across it (Figure 1.2). The 
traditional healing approaches described can only rebond surfaces together; healing of large 
damage requires a system that regenerates the lost material. 
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Figure 1.2 Cross-sectional view of healing agents flowing out from vascular networks 
(red and blue channels). In large damage volumes, fluids preferentially wet the substrate 
surface, and eventually bleed out from the wound. 
1.3 Two-stage Strategy for the Regeneration of Synthetic Materials 
In biological systems, regeneration is often aided by a scaffold structure. These porous 
scaffolds are typically composed of a network of proteins, or synthetic mimics, which are used in 
the recovery of bone or cartilage.
28
 Vascularization of the scaffold facilitates infiltration of blood 
vessels and recruitment of cells.
29–32
 Other biopolymer networks have been used in the cement 
adhesives secreted by marine barnacles (Figure 1.3). These fibrous polymer scaffolds provide 
mechanical strength and elasticity that allows the organism to strongly adhere to hard surfaces.
33
 
Biological scaffolds can also form through covalent crosslinking. For instance, the 
polysaccharide pectin provides strength in cell walls through crosslinks with hydrolyzed borate 
esters. Plants starved of these borate esters lose their support and eventually wilt.
34,35
 Scaffold 
formation, a common theme throughout biological systems, thus became the inspiration for 
synthetic healing systems.  
 
Figure 1.3 AFM image of crosslinked fibrous polymers in barnacle cement.36 
Without a type of self-supporting mechanism, the liquid healing agents of synthetic 
materials bleed out from large damage volumes. As the damage exceeds a certain size threshold, 
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surface tension is insufficient to retain the fluids, and gravity forces flow out from the damage. 
The boundary between these two forces is described by Tate’s Law (Figure 1.4).37 Tate’s Law 
establishes the maximum volume a liquid can retain before dropping off a suspended surface 
based on the liquid’s surface energy and density. Surface tension will retain all volumes below 
the Tate’s Law line. If the liquid exceeds that volume, gravity dominates and the drop falls. The 
hypothesis for regenerative systems is that through formation of a scaffold, the material 
properties are changing on the same timescale as deposition, thereby large volumes are retained. 
 
Figure 1.4 Surface energy (below Tate’s Law) and gravity dominated (above Tate’s 
Law) regions for the volume a fluid can deposit with respect to its surface energy and 
density.
37
 Formation of a scaffold may improve the volume a fluid can deposit beyond 
what is dictated by surface energy.  
The proposed strategy to achieve structural regeneration in synthetic materials is illustrated 
in Figure 1.5. Liquid healing agents alone are incapable of recovering catastrophic failure when 
gaps exceed 1 millimeter and bleed out from the damage. Through addition of a porous scaffold, 
the large damage volume is split into multiple smaller areas. The reduction in surface energy 
allows for the easy infiltration of the pore volumes, thereby regenerating the entire damage area. 
Consequently, regeneration occurs in two stages: scaffold deposition and healing. There are two 
potential strategies for scaffold formation in combination with microvascular healing: 1) in situ 
scaffold generation within the healing agents before subsequent polymerization or 2) a secondary 
infiltration method, where the scaffold-forming material is deposited first and then later 
infiltrated with an independent healing chemistry. Coupling this two-stage approach with 
microvascular delivery provides a promising strategy for delivering the volume of healing agents 
required to regenerate large, open damage areas. 
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Figure 1.5 Concept for the regeneration of large damage volumes (catastrophic damage) 
using a two-stage approach. Stage 1, a scaffold is deposited into the damage such the area 
is broken into smaller volumes. Stage 2, reduced surface energy allows the healing agents 
to infiltrate and regenerate the damaged material. 
1.4 Literature Examples of Two-stage Chemistries 
Several examples of two-stage chemistries that have been cited in literature show in situ 
chemistries: post-polymerization of self-assembled organogels,
38–43
 and dual-curing network 
polymers.
44,45
 The self-assembled gels form dimensional aggregates within a monomeric solvent, 
yielding the initial scaffold structure (Figure 1.6). The second stage is a post-polymerization, 
through UV-initiation or elevated temperature, after the gel has formed. Depending on the type 
of gelator and concentration, these systems have been used to produce anisotropic materials,
38,39
 
porous membranes,
40
 polymer nanofillers,
41
 and advanced electronic materials.
42,43
 However, 
there are significant drawbacks to self-assembled gels that make many of them poor candidates 
for scaffolds. Self-assembled gels are inherently weak, aggregating through dynamic non-
covalent bonds such as hydrogen-bonding, π-π interactions, ionic bonds, and van der Waal’s 
forces.
46
 Slight agitation can collapse the networks.
47
 Furthermore, self-assembled organogels 
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have a thermally triggered sol-gel transition. For many systems, gelation occurs only below room 
temperature. In contrast, Nair et al. utilized a base catalyst to trigger gelation in a dual-curing 
polymer. The intermediate phase (and potential scaffold) is formed via click-type Michael 
addition of stoichiometrically mismatched thiol-acrylate monomers. The resulting rubbery, low 
Tg gel has a tunable modulus from 0.5 MPa to 22 MPa. The remaining acrylate groups are 
photopolymerized to a final, highly crosslinked network (Figure 1.7). Their system was shown to 
be potentially useful as shape memory polymers, impression, and optical materials.
44
 Although 
utilizing the acrylate monomer to perform both stages simplifies the overall material design, the 
acrylate also changes the properties of both the gel and healing stages.
45
 
 
Figure 1.6 Confocal laser scanning microscopy (CLSM) images of the self-assembled 
gelation of a hetero-bifunctional gelator (structure shown) polymerized in hexyl 
methacrylate with gel concentrations of (A) 1.5 wt% and (B) 10 wt%.
38
  
The secondary infiltration method can use a number of scaffold-forming strategies. 
Examples of porous scaffolds, by increasing interstitial size, are:  gels, both hydrogels
48–50
 and 
covalent organogels;
51,52
 aggregating particles;
53,54
 and open cell foams.
55
 Here, the scaffolding 
agents are delivered through one set of vasculature and rapidly form the support structure. A 
second network, supplies a two part structural resin. Success of both scaffold strategies depends 
on their ability to meet a series of design criteria including chemical compatibility, transition 
control, and be well-suited for microvascular delivery (Figure 1.8).  
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Figure 1.7 Rheological properties of dual-curing stiochiometrically mismatched thiol-
acrylate chemistries during photocuring of the excess acrylate functionality. At 6000 s, 
the stage 1 chemistry is exposed to UV light and radically polymerizes.
44
  
1.5 Design Principles for Two-stage Polymer Chemistries 
Traditional healing chemistries transform from a viscous liquid solution to a final structural 
polymer in a single step. The two-stage approach for regeneration requires two separate 
mechanisms to afford transformations on different time scales. As a microvascular healing 
chemistry, the two-stage system begins as stable fluids. Damage triggers release of the fluids 
from the vasculature into the damage. After mixing, the scaffold forms and retains the healing 
agents in the damage volume. Additional fluids can then be deposited until the entire damage 
volume is filled. The second healing stage occurs via polymerization to recover the substrate 
properties.  
With either the in situ chemistry or secondary infiltration method, the scaffold and healing 
stages should be compatible to eliminate any negative effects caused by cross reactivity. 
Furthermore, an autonomous approach is desired such that the stages react in an ambient 
environment without relying on external stimuli (e.g. heat or light). It is also essential to have 
controlled transitions – individual temporal control over the onset of each stage – and to separate 
one stage from the other. Damage modes are diverse and require healing agents with different 
properties in order to heal. For example, infiltration of microcracks is aided by low viscosity 
fluids, i.e. slower scaffold formation. Control over the polymerization stage prevents premature 
hardening of the healing agent which obstructs further scaffold deposition. Moreover, vascular 
delivery necessitates stable, low viscosity fluids. Therefore, the healing chemistry must be able 
to undergo a significant modulus increase from the liquid to gel/scaffold state. Finally, to restore 
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the mechanical properties of the substrate, the two-stage chemistry must polymerize into a final, 
high modulus material. 
 
Figure 1.8 Design principles of two-stage chemistries for material regeneration. 
With the previous design principles in mind, the development of two-stage chemistries is 
first explored in Chapter 2. The implementation of two-stage strategy in regenerative healing 
agents is addressed in Chapter 3. The final chapter investigates improvements to the 
orthogonality between the gel and polymer stages and demonstrates the versatility of the 
approach with additional monomer solvents. 
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Chapter 2 - Development of a Two-stage Polymer Chemistry 
2.1 Scaffold Forming Materials 
In biological systems, regeneration is often aided by scaffolds providing support and 
structure to facilitate infiltration of blood vessels and promote cell growth.
1
 These porous 
scaffolds are typically composed of a network of proteins, or synthetic mimics, which are used in 
the recovery of bone or cartilage.
2
 Another example of polymer support networks is the cement 
adhesive secreted by marine barnacles. The fibrous polymer scaffold provides mechanical 
strength and elasticity that allows the organism to strongly adhere to hard surfaces.
3
 First 
attempts to create synthetic scaffolds for regeneration of structural polymers focused on similar 
biological materials. 
 
Figure 2.1 SEM images of hydrogen-bonding functionalized colloidal particles. (A) 
Pyridine- and (B) phenol-functionalized polystyrene particles. (C) Particles after 
aggregation. Image courtesy: Brett Krull.  
The first scaffold materials explored utilize dynamic bonds, such as hydrogen bonding or 
weak covalent bonds, which have been shown to provide the robust mechanical properties found 
in biopolymers.
4–6
 Two types of colloidal particles were synthesized with pyridine- and phenol-
functionalized polystyrene (Figure 2.1).
7
 The individual particles form stable suspensions in 
organic solvents. When combined, the colloidal particles immediately aggregate, forming a 
scaffold that floats above the solution. However, the network that forms is fragile and easily 
collapses when disturbed.  
14 
 
 
Figure 2.2 Poly(vinyl alcohol)-borate gels. (A) Dynamic crosslinking mechanism of two 
PVA chains with a borate anion. (B) Increasing shear modulus of a 12.5 wt% PVA 
solution with borate anions. Average is reported after the gel reaches a plateau modulus.   
A more robust scaffold was constructed through crosslinking of poly(vinyl alcohol) (PVA) 
polymers with borate anions in water (Figure 2.2A). Low concentrations of borate (0.08‒0.3 M) 
instantly crosslink and gel PVA solutions through formation of a didiol complex.
8
 The gelation is 
also pH reversible which facilitates a potential mechanism for controlled deposition or removal 
of the scaffold. The viscoelastic properties of the PVA-borate hydrogels were investigated using 
rheology. Higher concentrations of borate increase the modulus of the gel by increasing the 
crosslink density (Figure 2.2B). While the elastic (storage, G’) modulus reaches ~104 Pa, the gels 
contain highly dynamic crosslinks, so the viscous (loss, G”) modulus is also large. Consequently, 
PVA-borate gels do not hold their shape and are too weak to support their weight across a gap. 
Two methods were investigated to increase the rigidity of the gel scaffold (Scheme 2.1). 
Hyperbranched polyether dendrimers (PGly) were synthesized as additional crosslinking sites for 
the borate ion (Scheme 2.1A).
9,10
 Dendrimers of various sizes (Mn 1000–1600 g/mol) and 
concentrations were screened in PVA-borate gels. However, no increase in gel rigidity was 
observed for any combination; the gel properties actually decrease when the dendrimers were 
added. Another approach employed functionalizing the PVA polymer with pendant 
styrylpyridinium, SbQ, groups (Scheme 2.1B).
11,12
 Photoinduced crosslinking of two SbQ-PVA 
chains gels the polymer solution but is not compatible with the borate salt. The polymers 
precipitate after borate addition. Another drawback to PVA-borate gels is the near instantaneous 
crosslinking when the borate is added. As a result, the microvascular channels used to deliver the 
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scaffold would easily clog. Attempts to slow the gelation with pH buffers were unsuccessful. 
Further investigation into PVA-borate scaffolds was stopped in favor of more rigid and 
controllable polymer gels. 
 
Scheme 2.1 Methods of improving PVA-borate gel rigidity through (A) polyglycerol 
(PGly) dendrimers
9,10
 and (B) UV-initiated crosslinking of SbQ (styrylpyridinium) 
functionalized PVA.
11,12
 Crosslinking sites for the borate anions are highlighted red. 
Organogel scaffolds were created through the catalyzed gelation of Gelators A, bis-
acylhydrazine terminated poly(ethylene glycol), and B, tris[(4-formylphenoxy) methyl]ethane, in 
organic solvents (e.g. DMF, dichloromethane) (Figure 2.3).
13
 The resulting network of 
acylhydrazone bonds could be reversibly decomposed and reformed 7 times by changing the 
apparent pH of the organic solvent. More importantly, the acid catalyzed sol-to-gel transition 
provides a method to temporally control scaffold formation. The gel is also chemically robust 
and retains its shape (G’ >> G”). Although the chemical gel provided a strong and triggerable 
scaffold material, the gel solvent in both PVA-borate and the organogel poses a significant 
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challenge. Our two-stage approach first deposits a scaffold and then infiltrates the network with 
healing agents. However, the gel solvents were largely incompatible with the healing 
chemistries. Diluting structural resins with water or organic solvents yielded brittle and weak 
final materials (Figure 2.4). In addition, solvent evaporation caused the scaffolds to shrink and 
collapse before the resin could be incorporated. 
 
Figure 2.3 Reversible organogel formation using an end-functionalized poly(ethylene 
glycol) oligomer and tri-aldehyde crosslinker. Apparent pH was measured in DMF.
13
 
 
Figure 2.4 PVA-borate gel scaffolds. (A) Vascular specimen containing PVA solution 
(blue), borate solution (red) and carrier fluid (green). (B) Gel deposition and growth on 
top of the vascular network. (C) Image of a cured healing resin after incorporation of 
water from the hydrogel scaffold. Scale bar, 0.5 cm. Image courtesy: Brett Krull. 
To overcome the challenges with incompatible materials, a new regenerative chemistry was 
required that combines scaffold forming gelation with liquid healing agents. By replacing the 
organogel solvent with a monomeric solvent, both stages could be accomplished using a single 
system. Combining the two stages (gel scaffold and polymer healing agents) eliminates the need 
for infiltration with resin, avoids shrinking of the scaffold between stages, and simplifies the 
17 
 
overall regeneration design. Traditional healing chemistries, such as epoxy, transform from a 
viscous liquid solution to a final structural polymer in a single step. In contrast, a two-stage 
(scaffold and healing) chemistry undergoes two transformations accomplished on different time 
scales (Figure 2.5). A rapid, catalyzed gelation event forms the scaffold and is followed by a gel-
to-polymer transformation to fully regenerate the damaged material.  
 
Figure 2.5 Traditional polymerizations proceed in a single step from a liquid state to 
final polymer. Two-stage polymers have two rheological transitions from sol-to-gel and 
gel-to-polymer. 
2.1.1 Self-healing Properties of Covalent Gels 
In addition to providing a scaffold, gels with dynamic bonds have been developed with 
intrinsic self-healing capabilities.
14–17
 Although these materials are generally low in modulus, the 
intrinsic healing could aid in scaffold formation. There is a need to repair the gel interfaces 
during deposition in damage regions, so that a continuous scaffold is retained. The 
acylhydrazone gels (Figure 2.3), in particular, have been cited as having self-healing 
properties.
13,18
 A gel containing 12 wt% gelators was cut in half and merged together with 
another gel piece dyed with Rhodamine B. After 7 h, the gel healed and can be deformed by 
tweezers.
13
 However, duplication of this experiment (Figure 2.6A‒C) had significantly different 
results. The two gel pieces were merged in a covered glass container and after 24 h, minimal 
healing is observed. If the gel is removed from the container, the pieces easily tear along the 
crack line. Further aging for 35 days does not improve the bonding between the surfaces.  
18 
 
 
Figure 2.1 Self-healing properties of dynamic gels, acylhydrazone (A‒C) and PVA-
borate (D‒F). Two gels were formed, with and without Rhodamine B dye, in 50-mm 
diameter glass containers. Acylhydrazone gels contained 12 wt% gelators in 4 mL of 
DMF using 15 v/v% acetic acid catalyst; PVA-borate gels contained 12.5 wt% PVA with 
0.46 M borate in 4.5 mL of water. Acylhydrazone polymer gels were (A) aged for 3 h, 
(B) merged together to form a bicolor gel, and (C) partially healed along the crack line 
after aging for 24 h. PVA-borate gels were aged overnight, (D) merged together to form a 
bicolor gel and (E) healed along the crack line after 30 min. (F) After 12 h, the crack is 
no longer visible.  
In a follow-up study by Liu et al. the kinetics of the dynamic hydrazone bond was 
explored.
18
 They found that at room temperature the equilibrium constant between hydrazone 
formation and hydrolysis was very large, Keq = 8000 M
-1
. However, their explanation for the 
self-healing properties was still attributed to the dynamic bonds. In contrast, gels with highly 
dynamic bonds heal significantly faster (Figure 2.6D‒E). PVA-borate gels were subjected to the 
same self-healing experiment and completely heal in as little as 30 min. With many intrinsic 
polymers, energy (light or heat) is used to promote bond formation. The acylhydrazone 
chemistry uses the acid catalyst to aid in bond formation. Likewise, Liu et al. saw significant 
recovery of the healed gel properties only after wetting the damage surfaces with acid and 
immediately putting the pieces into contact (~100% recovery of engineering stress after 24 h in a 
sealed container). The discrepancy between the reported healing properties
13,18
 and those in 
Figure 2.6A‒C may be due to a solvent evaporation in the latter. However, little evidence for a 
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true dynamic process at room temperature was given. It would be beneficial for the authors to 
investigate a control polymer gel composed of non-dynamic bonds. Furthermore, the self-healing 
properties could be examined at lower temperatures (<25 °C) where the equilibrium further 
favors hydrazone formation. Without such a comparison, solvent welding may be a primary 
mechanism for the “healing” behavior and not the reversible bond. 
2.2 Covalent Gelation of Liquid Healing Agents 
To investigate the multi-stage polymer chemistry, vinyl monomers were screened as 
potential reactive solvents. Gelation was initially tested in liquid (meth)acrylate monomers 
because this class of monomer is capable of bulk polymerization and is commercially available 
in a wide variety. In comparison to step-growth monomers (e.g. isocyanates and alcohols), 
acrylate monomers are largely unreactive in the gelation chemistry, making them solvents that 
largely eliminate cross-reactivity. Gelators A and B (Figure 2.3) readily dissolve in styrene, 
methyl acrylate, and methyl methacrylate in initial tests using 12 wt% gelators, and these 
systems formed gels in ~20 minutes using 15 v/v% glacial acetic acid as the gelation catalyst. 
However, evaporation of the low boiling point monomers caused significant shrinking of the gel. 
Future targets were limited to high boiling point monomers; three examples are given in Figure 
2.7. Glycidyl methacrylate (GMA), poly(ethylene glycol) dimethacrylate Mn ~550 Da 
(PEGDMA), and 2-hydroxyethyl methacrylate (HEMA) have boiling points well above 100 °C 
and are suitable solvents for the gelators. It is important to note throughout the optimization that 
preferred monomers have a low viscosity for ease of delivery in future microvascular networks. 
Oligomeric PEGDMA, therefore, could only be used in combination with low viscosity 
monomers. GMA was not fully compatible with the acid gelation catalyst due to the opening of 
the epoxide ring which slows gelation. Without these issues, HEMA became the prime candidate 
for a polymerizable gel solvent. 
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Figure 2.2 High boiling point methacrylates; glycidyl methacrylate (GMA), 
poly(ethylene glycol) dimethacrylate (PEGDMA), and 2-hydroxyethyl methacrylate 
(HEMA). 
Figure 2.8 demonstrates the temporal control of gelation in HEMA by changing the gelator 
weight percent and acid catalyst concentrations. Gel times, t1, were measured using rheology and 
defined as the crossover point of the storage (G’) and loss (G”) modulus. Gel times vary from as 
little as 2‒3 min up to 20‒46 min using 5.5 v/v% to 0.5 v/v% formic acid catalyst, respectively. 
Furthermore, higher concentrations of gelators have faster gel times where t1 is proportional to 
1/[Gelator A].
18
 Notably, the gel time begins to increase above 5.5 v/v% formic acid due to the 
pH reversibility of the organogel. Two acid catalysts were used throughout initial studies, glacial 
acetic acid (pKa 4.8) and formic acid (pKa 3.8). Formic acid gave faster gel times at 
concentrations an order of magnitude lower than acetic acid, the catalyst employed from 
literature sources.
13,18
 In addition, gelation is highly dependent on the ratio of the gelators. 
Concentrations with 1:1 mol ratio of functional groups (aldehyde and hydrazine) produce the 
fastest gel times. A large excess of either gelator causes the solution not to gel. Solutions 
containing mol ratios of Gelator A:Gelator B of 1:4, 1:8, 1:16, 1:32 and vice versa were still 
liquid after 24 hours (18 wt% gelators, 15 v/v% acetic acid in HEMA). Optimization of catalyst 
strength and concentration is discussed in Section 2.5. 
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Figure 2.3 Control of gelation kinetics by concentration of formic acid catalyst and 
Gelators A and B, in HEMA. Gel times measured using rheology and defined as the 
crossover of G’ and G”. 
2.3 Free-radical Polymerization of Monomeric Solvents 
After finding suitable monomer substitutes for the organogel solvent, autonomous methods 
of polymerization were evaluated. Of the polymerization techniques for (meth)acrylates, only 
free-radical polymerization was compatible with the aerobic and acidic environment of the 
gelation chemistry. There are two general types of free-radical initiators, azo and 
inorganic/organic peroxides, that can be decomposed using a photo or thermal trigger.
19
 
Photopolymerization, while used in other self-healing systems, is not truly autonomous as it 
requires the input of external energy. Additionally, in photoinitiated systems, it is difficult to 
control the depth of cure, and microvascular channels must be masked to avoid curing into the 
network.
20
 Nevertheless, polymerizations with 1 wt% photoinitiator 2,2-dimethoxy-2-
phenylacetophenone were successful in converting a 12 wt% HEMA gel to polymer after 
initiation with a Mercury UV lamp. Examples of thermal initiators used in initial studies and 
their 10 h half-life temperatures are listed in Table 2.1. Thermal free-radical initiators are 
generally decomposed at elevated temperatures (> 50 °C), but can be promoted to decompose at 
lower temperatures using reducing agents such as amines. The most common initiator-promoter 
combination uses benzoyl peroxide (BPO) and an aromatic tertiary amine (e.g. N,N-dimethyl 
aniline).
19
 However, BPO inhibited gel formation by reacting with the acid catalyst. Initiators 
with higher thermal stabilities, such as di-tert-butyl peroxide and tert-butyl hydroperoxide, were 
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less susceptible to acid-induced decomposition using 15 v/v% acetic acid in gel solutions. 
Nevertheless, both initiators require heating to form polymer even when decomposition-
promoting compounds were added. In contrast to organic peroxides, azo initiators are not 
affected by acids. 
Table 2.1 Commercially available free-radical initiators and their 10-hour half-life 
temperatures (i.e. the temperature at which 50 % of the initiator is decomposed after 10 
hours). 
 
Initiator 
10 h Half-life 
(°C) 
P
er
o
x
id
es
 
Benzoyl peroxide (BPO) 70 
di-tert-butyl peroxide (DTBP) 125 
tert-butyl hydroperoxide (TBHP) 175 
A
zo
 
Azobisisobutyronitrile (AIBN) 65 
2,2’-azobis(2,4-dimethylvaleronitrile) (ADV) 51 
2,2’-azobis(4-methoxy-2,4-
dimethylvaleronitrile) (AMDV) 
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Although azo initiators cannot be promoted to decompose at lower temperatures, the first 
successful two-stage chemistry was accomplished using azobisisobutyronitrile (AIBN) (Figure 
2.9A). A solution of 24 wt% gelators was dissolved in glycidyl methacrylate containing 3.5 wt% 
AIBN and gelled using 15 v/v% acetic acid. Oscillatory rheology monitored the modulus of the 
material over time. The gel forms in 10 minutes, reaching a plateau storage modulus of ~10
4
 Pa. 
At 80 min, the gel monomer was converted to polymer by heating to 50 °C. The modulus of the 
material steadily increases showing the second stage of the healing chemistry. Fully autonomous 
initiation could be realized using azo initiators with 10 h half-life temperatures close to room 
temperature, such as ADV and AMDV (Table 2.1). However, these initiators lack control over 
the polymer stage. Polymerizations will either cure too slowly (high 10 h half-life) or have a 
limited pot life by initiating polymerization before damage can be fully recovered (low 10 h half-
life). 
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Figure 2.4 Two-stage polymerizations using different initiating chemistries. (A) 
Polymerization of two-stage GMA with AIBN by heating to 50 °C (24 wt% gelators, 15 
v/v% acetic acid). (B) Room temperature redox polymerization of two-stage 
PEGDMA/GMA (1:1 by volume) (18 wt% gelators, 1.5 wt% MEKP, 0.3 wt% CoNp, 15 
v/v% acetic acid). Inset: Control polymerization of neat monomers PEGDMA/GMA, 
only storage modulus shown. (C) Redox polymerization of two-stage HEMA (18 wt% 
gelators, 1.5 wt% MEKP, 0.3 wt% CoNp, 15 v/v% acetic acid catalyst). 
Commonly applied in the crosslinking of unsaturated polyester resins, metal (redox) 
promoters (e.g. cobalt, iron)  are used in combination with peroxides or hydroperoxides to 
initiate “cold” polymerizations.19,21,22 One of the most common room temperature initiator 
systems uses methyl ethyl ketone peroxide (MEKP) initiator and cobalt naphthenate (CoNp) 
promoter (Figure 2.10). The CoNp metal promotes the decomposition of MEKP by lowering the 
activation energy of homolytic cleavage from ~170 kJ/mol to 40‒60 kJ/mol via one-electron 
transfer.
23
 Furthermore, either oxidation state of the cobalt can decompose MEKP. Alkoxy 
radicals are produced through decomposition of MEKP with Co
2+
 and alkylperoxy radials with 
Co
3+
 via homolytic cleavage of the RO‒OH and ROO‒H bonds, respectively.19,24,25 Initial tests 
with the gelation chemistry, conducted in a non-reactive solvent DMF, showed no slowing of the 
gel time by addition of the redox initiator system. The two-stage behavior was examined through 
room temperature polymerization of monomer solvents 1:1 by volume PEGDMA:GMA (Figure 
2.9B) and HEMA (Figure 2.9C) with 18 wt% gelators. Both monomer systems exhibit two 
modulus plateaus during a room temperature cure with MEKP and CoNp. Rapid gelation 
occurred within 10 minutes in each monomer, reaching a modulus around 10
3‒104 Pa; the gel 
plateau is more pronounced with HEMA. Control solutions containing only monomer and acid 
catalyst were also cured using redox initiation. Without gelators, PEGDMA/GMA began curing 
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around 330 min (inset, Figure 2.9B). In contrast, the two-stage system began polymerizing 
around 50 min. The onset of two-stage HEMA polymerization was 100 min, but the control did 
not polymerize after 16 hours. Free-radical polymerizations are inhibited by oxygen when 
polymerized in air. The effect of oxygen on the two-stage polymers is twofold. 1) Higher 
viscosity monomers show less oxygen inhibition because of slower diffusion of oxygen into 
solution (following a Fickian relationship [O2] ∝ √time).
26,27
 PEGDMA/GMA is approximately 
two times more viscous than HEMA (~16 mPa·s vs. 9 mPa·s), so control solutions of 
PEGDMA/GMA are less inhibited and eventually cure. 2) As the monomers gel, the viscosity 
diverges to infinity, further reducing the rate at which oxygen can diffuse into the semisolid. 
Two-stage polymerizations, consequently, cure faster than non-gelling controls. Further 
investigation of the two-stage polymers was conducted using the lower viscosity HEMA. 
 
Figure 2.5 Initiation system for room temperature polymerization using free-radical 
redox initiator, MEKP, and promoter, CoNp. 
2.4 Rheological Characterization of Gel and Polymers Stages in HEMA 
A series of reference tests were carried out on 12 wt% gelator solutions in HEMA to 
characterize the rheological properties, temporal control, and compatibility of the gel and 
polymer stages. This concentration of gelators produces the strongest gels while also having a 
low initial sol viscosity (~20 mPa·s). Gelation was catalyzed using 2 to 5.5 v/v% (0.5‒1.5 M) 
formic acid. Polymerization was initiated using MEKP initiator concentrations from 0.75 to 3.0 
wt% and CoNp promoter concentrations from 0.1 to 0.3 wt%. The time of each material 
transition, sol-to-gel and gel-to-polymer, was measured. Gel time, t1, is defined as the crossover 
point of the G’ storage and G” loss modulus; the gel point can also be seen visually as the point 
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when an inverted sample no longer flows (Figure 2.11). The polymerization time, t2, was 
designated as the peak of the tan delta (tan delta = G”/G’). Time sweep tests were performed at a 
strain of 0.1% and frequency of 1 Hz on 25 mm parallel plates. 
 
Figure 2.6 Representative rheological properties of two-stage HEMA. Gel time, t1, is 
defined as the crossover point of G’ and G”, where the solution no longer flows when 
inverted (right image). Polymerization time, t2, is designated as the peak of tan delta 
(G”/G’). 
The gel and polymer stages have independent reaction triggers, i.e. the formic acid catalyst 
for gelation and the MEKP initiator or CoNp promoter for polymerization. Increasing the 
concentration of catalyst decreases the gel time t1; increasing the concentration either the initiator 
or promoter decreases the polymerization time, t2 (Figure 2.12). Ideally, the triggers only affect 
their intended reactions. The effect of the polymerization components on gel formation is shown 
in Figure 2.13A‒C. Going from plots A to C, gel times decrease with higher concentrations of 
acid. If the initiating chemistry had no effect on gelation, the points for each separate plot would 
converge to the same t1 value (three flat lines overlaying one another). In Fig. 2.13A, the gel time 
increases slightly with higher concentrations of MEKP, but has little effect with the other 
catalyst concentrations (Fig. 2.13B and C). In all three plots, higher loadings of CoNp increase t1 
2‒3 minutes from 0.1 to 0.3 wt% CoNp.  
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Figure 2.7 Independent temporal control of gelation with acid catalyst concentration and 
polymerization by varying MEKP initiator or CoNp promoter concentrations. 
The gel stage chemistry also has an effect on the rate of polymerization (Figure 2.14). In the 
two-stage curing of HEMA, polymerization only occurs after gelation which slows the diffusion 
of oxygen into the material (as described in Section 2.3). Therefore, all solutions without 
gelation do not cure in air after 24 hours. In two-stage polymerizations, t2 decreases with higher 
loadings of CoNp and MEKP (Figure 2.14A‒C). The formic acid catalyst also affects the 
polymerization time (no effect would have t2 values equal across all concentrations; three 
parallel lines in each plot). Polymerization seems to be especially pH dependent in Fig. 2.14A as 
the fastest t2 values are in solutions containing 4 v/v% formic acid. Consequently, a 3‒4 min 
decrease in gel time (from 2 to 4 v/v% catalyst) also decreases t2 by a minimum of 2 min (Fig. 
2.14C, 0.3 wt% CoNp, 3 wt% MEKP) and a maximum of 180 min (Fig. 2.14A, 0.1 wt% CoNp, 
0.75 wt% MEKP).  
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Figure 2.8 Effect of initiating components on gelation for solutions containing (A) 2 
v/v%, (B) 4 v/v% and (C) 5.5 v/v% formic acid catalyst. If the initiating chemistry had 
no effect on t1, data in all three plots would superimpose to three horizontal lines. The 
average is reported with error bars as high and low values. 
Although the interplay of the gel and polymer stages is complex, each stage can be 
individually tuned by careful selection of experimental conditions. Keeping the concentration of 
CoNp constant, t1 can be controlled with the catalyst without significant influence as long as only 
MEKP is used as the polymerization trigger. Furthermore, faster polymerization rates (Fig. 
2.14B and C) showed little dependence on catalyst concentration. Temporal control of t2 is, 
therefore, achieved through MEKP concentration using a constant loading of CoNp (0.2‒0.3 
wt%).  
Table 2.2 Storage modulus of select two-stage polymers obtained by DMA. 
Sample 
CoNp MEKP Formic acid Rheometer t2 E’ (GPa) 
(wt%) (wt%) (v/v%) (min) 1 Hz 10 Hz 
A 0.1 0.75 2 358 ± 109 0.45 0.66 
B 0.3 3.0 5.5 67 ± 7 0.39 0.62 
C 0.1 1.5 4 128 ± 11 0.36 0.57 
D 0.3 1.5 4 114 ± 23 0.62 0.86 
E 0.2 0.75 4 254 ± 62 0.30 0.51 
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Figure 2.9 Effect of gelation catalyst on polymerization for solutions containing (A) 0.1 
wt%, (B) 0.2 wt% and (C) 0.3 wt% CoNp promoter. If the catalyst had no effect on the 
polymerization time, t2, all plots would have three horizontal and parallel lines. The 
average is reported with error bars as high and low values. 
The mechanical properties of a small selection of the two-stage HEMA polymers were 
characterized using dynamic mechanical analysis (DMA). Samples were gelled in molds and 
placed in an argon filled chamber to cure for 16 h to yield fully cured polymers. The elastic 
modulus, E’, at 1 and 10 Hz is reported in Table 2.2. There is no apparent correlation between 
modulus and the concentration of triggering components or t2 times in the sample set. The 
average E’ at 10 Hz of all samples is 0.64 ± 0.13 GPa, a 4‒5 order of magnitude increase from 
the gel stage. In addition, control polymers without gelators were significantly stiffer with an E’ 
of 1‒1.3 GPa. Higher modulus materials than those shown in Table 2.2 were attained through 
optimization of the gelation chemistry and improved polymerization methods. 
2.5 Optimization of Viscosity and Gelation Kinetics 
The two-stage approach to regeneration relies on a rapid deposition of scaffold followed by 
a slower polymerization of the monomeric healing agent. Ideally, the recovery of damage is fast. 
Deposition of the scaffold occurs in a step-wise fashion by first releasing the sol into the damage 
and then a delay time for gelation before more fluids can be deposited. The limiting step of the 
gel-polymer approach is the time required for the scaffold to form, i.e. the gel time, t1. As 
illustrated in Figure 2.8, faster gel times can be attained by increasing either gelator or acid 
catalyst concentration. The gelator concentration was optimized for the fastest gelling solution 
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with the lowest viscosity before catalyst addition. Gelators between 12‒20 wt% were dissolved 
in HEMA and the viscosity of the sol solutions was measured immediately after dissolution and 
again upon aging for 30 minutes (Table 2.3). Gelator solutions above 12 wt% increase in 
viscosity and eventually gel without catalyst. In contrast, a minimum of 10 wt% gelators is 
necessary to form gels when combined with the polymerization chemistry (minimum 
concentration for gel only solutions is 6 wt%). Both 10 and 12 wt% solutions have low 
viscosities; however, higher gelator concentrations always give faster gel times. Solutions of 12 
wt% gelators gave the best combination. 
Table 2.3 Viscosity of sol solutions containing various gelator concentrations. 
Viscosities were measured using a Brookfield DV-I-PRIME viscometer. 
Gelator Sol viscosity (mPa·s) 
(wt%) 0 min 30 min 
12 18 21 
16 23 30 
20 29 44 
 
Increasing catalyst concentration is an effective method for lowering gel times. However, 
excessive volumes of catalyst dilute the monomer solution thereby weakening the final polymer. 
Instead, the strength of acid was varied by screening organic acids with pKa 0.5‒4.83 (Table 2.4). 
Experiments using 12 wt% gelators in HEMA determined whether the acids acted as a gelation 
catalyst. Gels formed in all cases except for the thiol-containing acids, thioacetic and thioglycolic 
acids. Successful catalysts were subsequently used in two-stage systems containing 1.5 wt% 
MEKP and 0.3 wt% CoNp. Only trifluoroacetic acid completely inhibited polymerization. The 
volumetric benefits to using strong acid catalysts are illustrated in Figure 2.15A. Utilizing 12 
wt% gelators in HEMA, the fastest t1 possible with glacial acetic acid requires 30 v/v%. Formic 
acid (pKa 3.77) catalyst decreases t1 by ~5 min using only 5.5 v/v%. This catalyst is not 
completely compatible with the gelation chemistry, however. Formic acid introduces another 
aldehyde functional group into solution and slowly reacts with the acylhydrazine end-group of 
Gelator A. As a result, aged solutions no longer gel when Gelator B is added. Consequently, the 
best catalyst was dichloroacetic acid (DCA) because it has rapid gel times at the lowest 
concentration by volume. 
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Table 2.4 Acid catalysts for gelation. 
Acid Chemical formula pKa 
Gel 
(Y/N) 
Polymer 
(Y/N) 
Trifluoroacetic acid CF3COOH 0.5 Y N 
Dichloroacetic acid Cl2CHCOOH 1.35 Y Y 
Thioacetic acid CH3COSH 3.33 N ─ 
Formic acid HCOOH 3.77 Y Y 
Thioglycolic acid SHCH2COOH 3.68 N ─ 
Acrylic acid CH2=CHCOOH 4.35 Y Y 
Methacrylic acid CH2C=C(CH3)COOH 4.51 Y Y 
Isovaleric acid (CH3)2CHCH2COOH 4.78 Y Y 
Glacial acetic acid CH3COOH 4.79 Y Y 
Propionic acid CH3CH2COOH 4.83 Y Y 
 
Gelation catalyzed by 2 v/v% DCA proceeds in about 90 s and can further be reduced by 
decreasing the chain length of Gelator A (Figure 2.15B). Three new bis-acylhydrazine gelators 
were synthesized starting with a poly(ethylene glycol) backbone of 400, 600 and 1000 g/mol. By 
decreasing the chain length, there is a higher concentration of gelator functional groups 
(acylhydrazide and aldehyde) for the same weight percent solution. Gels form in 30, 20 and 15 s 
using A1000, A600 and A400 chains, respectively. Unfortunately, both A400 and A600 have 
poor solubility in monomer solvents and crash out of solution shortly after the gel forms. 
Different solvents and concentrations were screened, but the only solvent that produced clear, 
rigid gels with either chain was the organic solvent DMF. Nevertheless, optimized gelation in 
HEMA was achieved using 12 wt% gelators with Gelator A1000 and dichloroacetic acid. 
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Figure 2.10 Optimization of gel times, t1, in HEMA solutions by (A) increasing acid 
strength and (B) decreasing the chain length of Gelator A. 
2.6 Polymerization in Ambient Atmosphere 
2.6.1 Allyl Ethers as Additives in Two-stage HEMA Polymerizations 
Oxygen is a well-known inhibitor of free-radical polymerizations and causes a number of 
detrimental effects including long induction periods, slow reaction rates, undercure, or in some 
cases a complete failure to cure.
26
 In small scale tests, the two-stage polymerizations are 
performed in air but in sealed vials. Therefore, once all the oxygen is consumed (or when the rate 
of oxygen consumption exceeds the rate of oxygen diffusion into the sample), the polymers cure 
with only a tacky surface layer. However, samples in large damage volumes (e.g. impact failure 
modes, Figure 2.16) have high surface areas and only cure after placing them in an inert 
atmosphere. In industry, free-radical crosslinking of polyester resins is performed in air and uses 
the same redox initiation chemistry. Aerobic cures are achieved through the addition of paraffin 
waxes, which form a protective layer on the surface, or by incorporating monomers that reduce 
oxygen inhibition.
21,28
 For example, allyl ethers readily oxidize to form hydroperoxides through 
hydrogen abstraction. Decomposition by the metal promoter produces radicals capable of 
continuing the polymerization (Scheme 2.2).
29,30
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Figure 2.11 Example of large damage volumes caused by impact. Image courtesy: Ryan 
Gergely. 
Several allylic monomers were investigated to reduce oxygen inhibition of large damage 
volume specimens (Figure 2.17). Low viscosity monomers such as trimethylolpropane diallyl 
ether (TMPDAE) were added in 10:90, 50:50 and 25:75 volume ratios with HEMA. For all 
concentrations, there was no improvement in monomer conversion yielding only HEMA 
homopolymerization. Polymerization of allyl monomers using free-radicals proceeds slowly (or 
not at all) due to chain transfer and low reactivity of the double bond.
28,31
 As an alternative, allyl 
oligomer 2 (Figure 2.17) was synthesized containing a more reactive fumaryl group.
28
 However, 
the degree of cure and gelator solubility decreased with increasing concentrations of the allyl 
oligomer. There are several potential solutions that use chemical additives;
32
 however, most 
additives are employed in photopolymerizations. The low energy of thermally initiated 
polymerizations would likely require high concentrations of additives such that they cannot be 
incorporated without significantly changing the original material properties. Thus, the 
monomeric solvent of the two-stage chemistry was completely reformulated focusing on 
monomers less sensitive to oxygen inhibition. 
 
Scheme 2.2 Oxygen scavenging mechanism of allyl ethers.29,30 
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Figure 2.12 Commercial allyl ether monomers, trimethylolpropane monoallyl ether 
(TMPME) and trimethylolpropane diallyl ether (TMPDAE), and synthesized allyl 
oligomer (2) with a central fumaryl group.
28
  
2.6.2 Reduction of Oxygen Inhibition using Thiol-ene Monomers 
Polymerizations using a combination of thiol (SH) and ene (C=C) monomers, thiol-ene 
polymerizations, have garnered renewed interest as photopolymers due to their oxygen 
scavenging properties.
33
 Propagation occurs through addition of a thiyl radical (RS
•
) to the 
carbon-carbon double bond of the ene monomer. Reaction with oxygen forms peroxy radicals 
that abstract the thiol hydrogen, thereby producing another thiyl radical that continues 
propagation (Scheme 2.3).
33,34
 Because thiol-ene thermoset compositions are generally radically 
polymerized by photoinitiation or at elevated temperatures,
35
 initial investigation began by 
testing the room temperature initiation chemistry. A neat mixture of 1:1 mol functional groups of 
trimethylolpropane triacrylate (TMPTA) and pentaerythritol tetra(3-mercaptopropionate) 
(PETMP) cured with a tack-free surface after < 1 min using 1.5 wt% MEKP and 0.05 wt% 
CoNp. Moreover, significantly reducing the concentration of initiating components only slows 
thermoset formation to ~2 minutes (0.017 wt% MEKP, 0.015 wt% CoNp). These encouraging 
results prompted a monomer survey to determine the best combination of gelator solubility, 
viscosity, and reactivity. Three types of thiols of increasing viscosity were screened:  alkyl thiols, 
mercaptoacetates and mercaptopropionates (Figure 2.18). The ene monomers investigated are 
listed in Figure 2.19. Focus was given to multifunctional methacrylates because they readily 
copolymerize with thiols as well as homopolymerize by radical initiation.
33
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Scheme 2.3 Mechanism for the continued propagation of thiol-ene copolymerizations by 
thiol hydrogen abstraction.
33,34
 
 
Figure 2.13 Thiol monomers and their viscosities used in thiol-ene copolymerizations, 
alkyl thiols: EDT (1,2-ethanedithiol) and EDDT (2,2'-(ethylenedioxy) diethanethiol); 
mercaptoacetates: EGBTG (ethylene glycol bis(thioglycolate)) and TMPTTG 
(trimethylolpropane tris(thioglycolate)); and mercaptopropionates: EGBMP (ethylene 
glycol bis(3-mercaptopropionate)), TMPTMP (trimethylolpropane tris(3-
mercaptopropionate)), and PETMP (pentaerythritol tetra(3-mercaptopropionate)). 
Viscosities listed are from the manufacturer, except TMPTTG, TMPTMP and PETMP 
which were measured using a Brookfield viscometer. 
Monomer combinations within the two-stage chemistry were prioritized first by monomer 
viscosity. Ethylene glycol dimethacrylate (EGDMA) and the alkyl thiols have the lowest 
viscosities, ~10 mPa·s, and good gelator solubility. An example of a two-stage polymerization 
using EGDMA and 2,2’-(ethylenedioxy)diethanethiol (EDDT) is shown in Figure 2.20A. The 
sample exhibits the characteristic modulus plateaus of the gel and polymer stages and, most 
importantly, polymerizes at the sample surface. However, the alkyl thiols cause competing 
reactions with the gelation chemistry. In acidic conditions, the aldehydes of Gelator B react with 
the thiols to form thioacetals, a cross-reaction that slows the gel time significantly. Switching to 
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the mercaptoacetates or propionates improves the orthogonality of the system but does so at the 
expense of gelator solubility and viscosity. Solutions with improved solubility were attained 
using 1,3-glyceryl dimethacrylate (GDMA) which unfortunately comes with a five-fold viscosity 
increase over EGDMA.  
 
Figure 2.14 Common ene monomers and their viscosities employed in thiol-ene 
copolymerizations: TMPDAE (trimethylolpropane diallyl ether), EGDMA (ethylene 
glycol dimethacrylate), DEGDMA (diethylene glycol dimethacrylate), AMAP (1-
(acryloyloxy)-3-(methacryloyloxy)-2-propanol), GDMA (1,3-glyceryl dimethacrylate), 
TMPTA (trimethylolpropane triacrylate), and TMPTMA (trimethylolpropane 
trimethacrylate). Viscosities are listed from the manufacturer. 
Thiol-ene polymers with GDMA have the best mechanical properties when copolymerized 
with tri- or tetra-mercaptopropionates by qualitative measurement. These results seem to agree 
with the relative copolymerization rates of thiols to a given ene. Reaction rates of all thiols 
increase with a higher degree of functionality, as well as by type in the following order: 
mercaptopropionates > mercaptoacetates > alkyl thiols.
33
 Relative viscosities also increase for 
higher functionality thiols. To mitigate sacrificing solution viscosity for better material properties 
(and vice versa), trimethylolpropane tris(3-mercaptopropionate) (TMPTMP) was screened in 10, 
20 and 40 mol% concentrations with GDMA (40 mol% = 1:1 mol functional groups). Down to 
20 mol% (1:2.7 mol functional groups), there was no apparent loss in material strength for the 
two-stage thermosets. 
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Figure 2.15 Rheological properties of two-stage thiol-ene polymerizations. (A) Curing of 
1:1 mol EGDMA:EDDT with 12 wt% gelators (Gelator A2000), 0.75 wt% MEKP, 0.018 
wt% CoNp and 4 v/v% formic acid catalyst. (B) Loss of the gel stage in the rapid curing 
of uninhibited monomer solutions of 20 mol% TMPTMP with GDMA containing 12 
wt% gelators (Gelator A1000), 1.5 wt% MEKP, 0.1 wt% CoNp, and 2 v/v% DCA 
catalyst. 
2.6.3 Stable Thiol-ene Systems using Radical Inhibitors 
Utilizing more reactive monomers introduces a new challenge to the air-curing chemistry. 
Polymerization occurs rapidly and overshadows the gel stage (Figure 2.20B). Furthermore, thiol-
enes are known to polymerize spontaneously without the use of initiator.
33,35,36
 Neat monomer 
solutions of GDMA and 40 mol% TMPTMP form a weak polymer in 2.5 hours without initiating 
components. This lack of control is detrimental when coupled with its intended use as a 
microvascular healing chemistry. If the polymer cures too quickly in the damage area, the 
vascular channels become blocked and prevent the deposition of additional fluids. Increasing the 
storage life of thiol-ene resins using radical inhibitors has been the subject of significant 
academic and industrial research.
32,33,35,37
 The inhibitors most commonly employed are shown in 
Figure 2.21. Of these radical inhibitors, cupferron (N-nitroso-N-phenylhydroxylamine 
ammonium salt) has the greatest stabilizing effect in two-stage thiol-ene polymerizations. As 
little as 0.1 wt% cupferron prevents polymerization for over 3 weeks (1.5 wt% MEKP, 0.02 wt% 
CoNp, 2 v/v% DCA, 12 wt% gelators with Gelator A2000). In contrast, control solutions without 
inhibitor polymerize in 10‒15 min. Optimized concentrations and demonstration of the temporal 
control of the two-stage thermoset chemistry is continued in Chapter 3. 
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Figure 2.16 Common free-radical inhibitors MEHQ (monomethyl ether hydroquinone), 
pyrogallol (1,2,3-trihydroxybenzene), cupferron (N-nitroso-N-phenylhydroxylamine 
ammonium salt), and BHT (butylated hydroxytoluene). 
2.7 Conclusions 
Optimized for use in microvascular self-healing approaches, two scaffold-forming healing 
chemistries were developed through the incorporation of covalent organogels into monomeric 
solvents. Using a radical redox initiation system, the monomer is polymerized autonomously at 
room temperature. The polymerization occurs both inertly using a HEMA-based thermoplastic 
system and in air using thiol-ene thermosetting monomers. Furthermore, independent temporal 
control over the material transformations sol-gel and gel-polymer was provided through 
concentration of stage specific reaction triggers.  
2.8 Experimental Section 
2.8.1 Materials and Methods  
Unless otherwise stated, all starting materials were obtained from commercial suppliers and 
used without further purification. Initiating components were added by weight percent of 
solution, methyl ethyl ketone peroxide (MEKP, Luperox DDM-9, ~35 wt%), cobalt naphthenate 
(CoNp, 6% Co, Strem Chemicals), and t-butyl hydroperoxide (70 wt% in water, Sigma) 
1
H NMR spectra were obtained with a Varian Unity 400, Varian Unity 500 MHz, or Varian 
VXR 500 MHz spectrometer in the NMR laboratory at the University of Illinois. Chemical shifts 
are reported in δ (ppm) relative to the residual solvent peak. Splitting patterns are designated as s 
(singlet), d (doublet), t (triplet), dd (doublet of doublets), m (multiplet), and br (broad). 
MALDI data were obtained using the AB Voyager MALDI and was performed through the 
Mass Spectrometry Facility, SCS, University of Illinois. Simple viscosities were obtained using a 
Brookfield DV-I-PRIME viscometer, spindles #62 and #64, at 100 rpm.  
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2.8.2 Synthesis of Hydrogen-bonding Colloidal Particles 
Pyridine-functionalized crosslinked polystyrene particles 
 
 
 
Colloidal particles were synthesized following literature procedure.
7
 Monomers were 
filtered through a plug of basic alumina to remove inhibitor, 4-vinyl pyridine was freshly 
distilled. 4-vinyl pyridine (2.5 mmol) and ethylene glycol dimethacrylate (EGDMA) (0.81 mol) 
were added and then sparged for 30 min. Next, 50 mL of Millipore water was added to a 100 mL 
flask, sparged for 30 min and then heated to 80 °C. The solution of 4-vinyl pyridine and 
EGDMA was added to the water, followed by styrene (7.5 mmol). The solution was vigorously 
stirred. After 20 min, potassium peroxodisulfate (KPS) initiator (1 mol%, 0.029 g) dissolved in 
~5 mL of sparged water was added to the monomers. The reaction was run for 2 h and then 
stopped by fumigating with air for 10 min. The flask was then opened to air and heated to 95 °C 
for 1 h to remove residual monomer. After cooling to room temperature, the cloudy solution was 
filtered to remove larger aggregates. The filtrate was centrifuged for 4 x 30 min, redispersing the 
solid in Millipore water between cycles. The particles were then dried by freeze dryer. 
 
Phenol-functionalized crosslinked polystyrene particles 
 
 
 
Colloidal particles were synthesized following literature procedure.
7
 50 mL of Millipore 
water added to a two-neck flask, sparged for 30 min and then heated to 85 °C. Styrene (8 mmol), 
4-methoxystyrene (4 mmol), and divinylbenzene (0.97 mmol) were combined and added to the 
flask. The solution was vigorously stirred for 30 min. Potassium peroxodisulfate (KPS) (0.13 
mol, 1 mol%) was dissolved into ~5 mL of Millipore water, sparged, and added to the reaction 
flask. The solution reacted for 20 h and then was fumigated with air for 10 min. The flask was 
then opened to air and heated to 95 °C for 1 h to remove residual monomer. The cloudy solution 
was cooled to room temperature and filtered. The filtrate was centrifuged 4 x 30 min, 
redispersing the solid in Millipore water between cycles. The particles were then dried by freeze 
drying. 
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Methanolysis was conducted after the particles dried for one day. The white powder (1.3 
mg) was redispersed in 25 mL of chloroform in a two-neck, flame-dried flask. The flask was 
flushed with nitrogen and then 1.5 mL of trimethylsilyl iodide was added. The mixture stirred for 
3 d at 40 °C. Methanol (5 mL) was added dropwise and the mixture stirred for 1 h. The particles 
were precipitated out in excess methanol and centrifuged for 15 min. The solid was redispersed 
in chloroform and centrifuged 3 x 1 h. The particles were stored as a solution in chloroform, ~1.3 
mg in 2.5 mL.  
Aggregation tests of the particles were conducted on 1:1 volume solutions of the particles. 
Particles weakly aggregate upon combination, but slight movement of the container collapses the 
network. 
2.8.3 General Synthesis of Polyglycerol Dendrimers 
 
 
General synthesis of polyglycerols (PGly) following published procedure.
10
 1,1,1-
trimethylolpropane (6 mmol) was added to a 50 mL, two neck flask equipped with a distillation 
column and heated to 100 °C under nitrogen. 25% potassium methoxide solution in methanol 
(1.8 mmol, 1:1 mol CH3OK:trimethylolpropane) was added to the flask by syringe. The excess 
methanol was removed by vacuum. Next, 11 mL of distilled diglyme was added. The reaction 
mixture was heated to 140 °C. A solution of glycidol and 10 mL of THF was added to the 
reaction by syringe over 1 h. The solution was cooled to room temperature and condensed in 
vacuo. The mixture was diluted with 150 mL of methanol and combined with a DOWEX cation-
exchange resin. The solution was filtered, precipitated in 1000 mL of acetone, and dried under 
vacuum. Monomer to core tri-ol mol ratios were 7:1, 15:1, 30:1 for PGly-0.5, PGly-1, and 
PGly-2, respectively. Yields 60‒82%. 13C NMR (400 MHz, CD3OD) δ 80.19, 78.62, 72.74, 
71.70‒71.03, 69.73‒69.45, 63.28, 61.61 (Figure 2.22) and MALDI-TOF (Figure 2.23) of PGly-1 
(15:1 monomer:initiator). MALDI data for all dendrimers in Table 2.5. 
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Figure 2.17 13C NMR of PGly-1 in CD3OD. 
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Figure 2.18 MALDI-TOF spectrum of PGly-1. Spacing is 74 m/z, one monomer unit. 
Table 2.5 Dendrimer MALDI results listing most abundant peak. 
Dendrimer Monomer : Core MALDI (g/mol) 
PGly-0.5 7:1 1035 
PGly-1 15:1 1298 
PGly-2 30:1 1571 
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2.8.4 Synthesis of Photosensitive SbQ-PVA 
1-methyl-4-[2-(4-formylphenyl)ethyenyl]pyridinium methosulfate (1)  
 
       Compound 1 was synthesized in two steps. First compound b was synthesized 
following published literature procedure.
11
 Terephthalaldehyde (80.5 mmol) and 4-picoline (54 
mmol) were added to a 100 mL flask. Next, acetic anhydride (75 mmol) and acetic acid (54 
mmol) were added. The solution was heated to 120 °C under nitrogen and refluxed overnight. 
The hot reaction mixture was combined with 100 mL of 1 M HCl in a 250 mL flask. The mixture 
was stirred for 1 h. An orange solid was collected by filtration. The filtrate was heated to 35 °C 
and extracted with 4 x 50 mL of benzene. The aqueous layer was neutralized with 5 M NaOH by 
dropwise addition. A yellow-orange solid formed and was collected by vacuum filtration. The 
solid was dried under vacuum and then dissolved into hot ethyl acetate. The insoluble orange 
solid was collected by filtration (product a). Crude product b, 8.9 g, was purified by column 
chromatography using 80:20 v/v ethyl acetate:hexanes to give pure b (2.12g, 19%). 
Spectroscopic data agree with those reported. 
Compound b (1.2 mmol) was dissolved in 8 mL of ethyl acetate in 50 mL flask. 
Dimethylsulfate (1.8 mmol) was then slowly added. White solid formed upon addition. Solution 
was stirred gently under nitrogen overnight. A yellow solid was collected by vacuum filtration 
and dried under vacuum to give 1 (0.38 g, 93 %). 
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Styrylpyridinium poly(vinyl alcohol) (SbQ) 
 
 
A 7.7 wt% solution of poly(vinyl alcohol) (95-98% hydrolyzed Mn 31-50 kDa) (0.04 mmol) 
and 1 (0.9 mmol) were combined in a 100 mL flask. When the solid dissolved, 85% H3PO4 (4.3 
mmol) was added by syringe. The solution was stirred at room temperature for 48 h and then 
precipitated in 250 mL of acetone. The white-yellow solid was collected by vacuum filtration 
and washed multiple times with methanol. The solid was then dried under vacuum to give SbQ-
PVA (1.84 g). Theoretical incorporation 1-2 mol SbQ. 
1
H NMR in D2O is the same for 
unfunctionalized PVA. UV-initiated crosslinking does improve strength over the control. Further 
characterization stopped in favor of more promising results. 
2.8.5 Gelator A Synthesis 
 
General synthesis of Gelator A in three steps. First mesylate-terminated poly(ethylene 
glycol) (1A) was synthesized following published procedure.
13
 Poly(ethylene glycol) (1 eq) was 
dried by azeotropic distillation in benzene in vacuo. The solid was then dissolved in dry DCM. 
Clear solution was cooled to 0 °C with stirring under nitrogen. After cooling, the solution was 
charged with triethylamine (7.9 eq). Next, methanesulfonyl chloride (8.3 eq) was added dropwise 
over 30 min. The solution was warmed to room temperature and stirring under nitrogen. After 48 
h, the solution was filtered to remove precipitate (triethylamine hydrogen chloride salt) and 
condensed in vacuo. The oil was diluted with water, extracted with DCM, washed with 1 M HCl 
and brine. The yellow-orange solution was dried over MgSO4, filtered, condensed in vacuo and 
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precipitated in cold ethyl ether. PEG 400 and 600 derivatives were further dried under vacuum at 
50 °C. 
Methyl benzoate-terminated poly(ethylene glycol) (2A). 1A (1 eq) was dissolved in acetone. 
Next methyl 4-hydroxybenzoate (3 eq) and potassium carbonate (6 eq) were added. The solution 
was refluxed overnight under nitrogen. The solution was condensed to an oil in vacuo, diluted 
with water and extracted with DCM. The solution was then dried over MgSO4, filtered, 
condensed in vacuo and precipitated in cold ethyl ether. PEG 400 and 600 derivatives were 
further dried under vacuum at 50 °C. 
Bis-acylhydrazine-terminated poly(ethylene glycol) (Gelator A). Compound 2A (1 eq) was 
dissolved in ethanol by heating to 40 °C (only necessary for PEG 1000 and 2000 derivatives). 
Next, 80 wt% hydrazine hydrate (~89 eq) was added and the solution was refluxed overnight. 
The solution was cooled and then condensed in vacuo. The oil was diluted with water, extracted 
with DCM, and then washed with water. The solution was dried over MgSO4, filtered and 
concentrated. The oil was then precipitated in cold ethyl ether. PEG 400 and 600 derivatives 
were further dried under vacuum at 50 °C.  
 
Full spectroscopic data for A1000 (and precursors) is in Chapter 3 with optimized test 
conditions. Full data for A2000 (and precursors) is in Chapter 4 with optimized test conditions. 
 
Mesylate-terminated poly(ethylene glycol) (1A-400) (29.9 g, 73%). 
1
H NMR (400 MHz, 
CDCl3) δ 4.32 (t, 4H), 3.70 (t, 4H), 3.62–3.57 (m, CH2 PEG), 3.03 (s, 6H, CH3 mesyl). HRMS 
(m/z): [M + H]
+
 Calcd for C22H47O15S2, 615.236; found, 615.2. 
 
Methyl benzoate-terminated poly(ethylene glycol) (2A-400) (31.9 g, 92.5 %). HRMS (m/z): 
[M + H]
+
 Calcd for C32H48O13, 639.302; found, 639.4. 
 
Bis-acylhydrazine-terminated poly(ethylene glycol) (Gelator A400) (19.8 g, 62%). 
1
H 
NMR (500 MHz, DMSO) δ 9.62 (s, 2H, NH), 7.79 (d, J = 8.8 Hz, 4H, aromatic), 6.99 (d, J = 8.7 
Hz, 4H, aromatic), 4.43 (br s, 4H, NH2), 4.13 (t, 4H), 3.74 (t, 4H), 3.58–3.49 (m, PEG). HRMS 
(m/z): [M + K]
+
 Calcd for C30H46N4O11, 677.280; found, 679.4; and [M + Ca]
2+
 Calcd for 
C34H54N4O13, 383.165; found, 384.3. 
1
H NMR (Figure 2.24) and MALDI-TOF (Figure 2.25) of 
Gelator A400.  
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Figure 2.19 1H NMR of Gelator A400 in d6-DMSO. 
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Figure 2.20 MALDI-TOF spectrum of Gelator A400. Spacing is 22 m/z for the smaller 
series ([M + Ca]
2+
) and 44 m/z for the larger series ([M + H]
+
). 
Mesylate-terminated poly(ethylene glycol) (1A-600) (46.8 g, 71%). HRMS (m/z): [M + H]
+
 
Calcd for C28H59O18S2, 747.314; found, 747.3. 
 
Methyl benzoate-terminated poly(ethylene glycol) (2A-600) (48.3 g, 88%). HRMS (m/z): 
[M + H]
+
 Calcd for C44H70O19, 903.459; found, 903.5. 
 
Bis-acylhydrazine-terminated poly(ethylene glycol) (Gelator A600) (27.5 g, 57 %). 
1
H 
NMR (500 MHz, DMSO) δ 9.61 (s, 2H, NH), 7.79 (d, J = 8.8 Hz, 4H, aromatic), 6.99 (d, J = 8.8 
Hz, 4H, aromatic), 4.41 (br s, 4H, NH2), 4.13 (t, 4H), 3.74 (t, 4H), 3.58–3.49 (m, PEG). HRMS 
(m/z): [M + K]
+
 Calcd for C42H70N4O17K, 941.437; found, 943.6.  
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Figure 2.21 1H NMR of Gelator A600 in d6-DMSO. 
2.8.6 Gelator B Synthesis 
 
Tris[(4-tolylsulfonyl)methyl]ethane (3) was synthesized following literature procedure.
38
 
1
H NMR (500 MHz, CDCl3) δ 7.72 (d, 6H, aromatic), 7.37 (d, 6H, aromatic), 3.76 (s, 6H, CH2), 
2.47 (s, 9H, CH3 tosyl), 0.89 (s, 3H, CH3 head of the bridge). 
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Figure 2.22 1H NMR of 3 in CDCl3. 
 
 
 
Tris[(4-formylphenoxy)methyl]ethane (Gelator B). Compound 3 (4 g, 6.87 mmol), 4-
hydroxybenzaldehyde (27.46 mmol) and potassium carbonate (27.46 mmol) were dissolved in 
DMF and refluxed under nitrogen overnight. The solution was concentrated and diluted with 
water, extracted with EtOAc, washed with 1:1 water:brine and brine. The resulting yellow 
solution was dried over MgSO4. The crude product was purified twice by column 
chromatography eluting with 10% EtOAc/DCM. The final product was dried overnight under 
vacuum at 50 °C to yield Gelator B as a white solid (1.48 g, 50%). 
1
H NMR (500 MHz, CDCl3) 
δ 9.89 (s, 3H, CHO), 7.85 (d, J = 8.7 Hz, 6H, aromatic), 7.04 (d, J = 8.7 Hz, 6H, aromatic), 4.20 
(s, 6H, CH2), 1.39 (s, 3H, CH3 head of bridge). 
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Figure 2.23 1H NMR of Gelator B in CDCl3. 
2.8.7 Synthesis of Allyl Ether Oligomer 
 
 
Allyl ether oligomer (2) was synthesized following published literature procedure.
28
 Sodium 
hydride (1.67 g, 70 mmol) was added to a 500 mL dried flask under nitrogen. Trimethylol-
propane diallyl ether (TMPDAE) (12 g, 65 mmol) was dissolved into 50 mL of DCM. This 
solution was added dropwise over 30 min to the TMDPAE and stirred overnight. Fumaryl 
chloride (4.6 g, 30 mmol) in 50 mL dry DCM was added dropwise over 40 min to the reaction 
mixture. The solution reacted for an additional 2 h and then quenched with 40 mL of water. The 
solution was washed 5 x 50 mL. The solution was dissolved in 50:50 EtOAc:hexanes and dried 
over MgSO4. After drying, the compound was filter, concentrated and purified by column 
chromatography using 20:80 EtOAc:hexanes. The compound was concentrated and dried under 
vacuum to afford 2 as a clear colorless oil (3.5 g, 23 %). Spectroscopic data matches the reported 
procedure. 
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2.8.8 Gelator A Chain Length Screening 
Decreasing the gel time through modification to Gelator A had a negative effect on the 
solubility of the gelator in monomeric solvents. Gelators A400‒A2000 were screened in GMA, 
divinylbenzene, HEMA, 2-hydroxyethyl acrylate and common organic solvents toluene, 
acrylonitrile and dimethylformamide. Using A400, no clear gels were formed in any solvent. 
Using A600, only DMF afforded clear gels. Decreasing the gelator concentration (6, 8, 9, 10, and 
12 wt% gelators) and concentration of catalyst (0.1, 0.5, 1 and 2 v/v% dichloroacetic acid) did 
not cause any significant improvement. 
2.8.9 PVA-borate Solutions 
Poly(vinyl alcohol) (98-99% hydrolyzed, Mw 31-50 kDa) solutions were made in 15‒28.5 
wt%  in water by heating the solutions at 80 °C. The solution was then “set” overnight. Borate 
solutions (0.5‒3.75 M) were made by dissolving boric acid into water and adjusting the pH to 7 
with 1 M HCl. pH buffers from 3‒9 were made using KHP (potassium hydrogen phthalate), 
KH2PO4 (monopotassium phosphate) and THAM (tris(hydroxymethyl)-aminomethane). PVA-
borate solutions are reversible around a pH of 4; however, PVA solutions added to different 
buffers still gelled instantly when borate was added. The buffer seemed to have more of an effect 
on the modulus rather than the gel time.  
2.8.10 Mechanical Characterization 
Unless otherwise stated, the gel transition (t1) was determined using tabletop rheology by 
inversion of 0.5 mL samples in 10 mm cylindrical vial (~0.5 mL samples).
39
 Rheometric data for 
two-stage curing and polymerization onsets (t2) were obtained with a TA Instruments AR-G2 
rheometer using 25 mm parallel aluminum plates at room temperature. Time sweep tests were 
performed at a strain of 0.1% and frequency of 1 Hz under normal force control. HEMA 
thermoplastic samples were prepared by dissolving gelators (12 wt%, 3:2 mol ratio A:B) into 0.5 
mL of HEMA. Next, CoNp promoter, MEKP initiator, and acid catalyst were added sequentially. 
The solution was mixed in between each addition and then quickly transferred onto the plates. 
Thiol-ene thermoset samples were prepared similarly by mixing the vinyl solution (Gelator B 
and promoter in vinyl monomer) and thiol solution (Gelator A in thiol). MEKP initiator, CoNp 
promoter, and catalyst were added sequentially, mixed, and the solution added to the plates. 
Oxygen inhibition of the thermoplastic two-stage system prevented the entire sample from 
polymerizing (Figure 2.29). 
PVA-borate gels contained 600 μL of 15 wt% PVA and 120 μL of borate solution (0.5 to 2 
M borate). The gels were formed on 25 mm parallel aluminum plates with a humidity chamber 
containing a solvent trap. The trap was filled with water to avoid drying out the gels during the 
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test duration. The gels equilibrated for 30 min before the tests began. Time sweep tests were 
conducted at 0.1% strain and a frequency of 10 Hz for 900 s. 
 
 
Figure 2.24 Top-down view of a 25 mm rheology plate after running a two-stage 
experiment with HEMA. The sample is sandwiched between the two plates, so only the 
outer edges are inhibited. Obtaining full cures was addressed in Chapter 3 by the addition 
of a purging nitrogen chamber for rheometer tests. Scale bar, 5 mm. 
Dynamic mechanical analysis experiments were performed using a TA Instruments RSA 
III. Solutions were cured in molds at room temperature for 16 hours. Cast specimens were cut 
into rectangular specimens (dimensions 30 x 5 x 0.5 mm). The tensile storage (E’) modulus was 
recorded as a function of frequency (0.1 – 50 Hz) at 0.1% strain. In Table 2.2, sample A contains 
the lowest concentration of all components, B has the highest concentration, C and D are high 
low samples with CoNp, and E has a low amount of MEKP. Control solutions with acetic acid 
contain 1.5 wt% MEKP, 0.05 wt% CoNp and 15 v/v% acetic acid catalyst. 
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Chapter 3 - Restoration of Large Damage Volumes* 
3.1 Introduction 
The regenerative power of tissues and organs in biology has no analog in synthetic 
materials. Whereas biology achieves regeneration through vascularization and recruitment of 
stem cells,
1–3
 engineering materials are generally avascular, with a limited ability to self-heal.
4,5
 
A variety of repair strategies exist for microscopic defects and cracks,
6–10
 but autonomic 
restoration of materials that suffer large-scale damage and associated mass loss has not been 
realized. Restoration requires overcoming the interplay of mass transport, environmental factors, 
intrinsic forces (such as surface tension), and extrinsic forces (such as gravity) that act on liquid 
reagents and the chemical reactions associated with damage repair. 
Our restoration concept for structural materials is illustrated in Figure 3.1. The strategy is 
predicated on the delivery of reactive fluids through two independent vascular networks to the 
site of damage. Events that lead to substantial mass loss (such as ballistic impact) trigger release 
of fluids, subsequent mixing, and initiation of the restoration process. A reactive system that 
progresses from liquid to gel (gel stage) and gel to polymer (polymer stage) is hypothesized to 
deliver low-viscosity fluids to the site of damage, initially resulting in a shape-conforming yet 
self-supporting viscoelastic scaffold. Addition of new material proceeds until the damaged 
region is fully filled and complete replacement of lost mass is achieved. Transformation of the 
gel into a stiff polymer then allows for recovery of the mechanical properties of the original 
material.  
                                                 
* Portions of this Chapter have previously been published in: White, S. R.; Moore, J. S.; Sottos, N. R.; Krull, B. 
P.; Santa Cruz, W. A.; Gergely, R. C. R. Science 2014, 344, 620–623. 
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Figure 3.1 Two-stage restoration strategy. Reactive monomer solutions are incorporated 
into a vascularized specimen (blue and red channels). Time t0: impact damage initiates 
fluid release into the damage region. Time t1: gel stage (purple) occurs by acid-catalyzed 
cross-linking of Gelators A and B. Deposition of fluid and subsequent gelation continues 
until the void is filled. Time t2: the polymer stage (green) occurs by monomer 
polymerization, resulting in recovery of structural performance. 
We developed a two-stage polymer chemistry in which catalyzed gelation of liquid monomer 
is followed by bulk polymerization to a structural solid (Figure 3.1). The reactive monomer 
solutions are stable and low-viscosity (time t0) until damage-triggered release initiates the 
chemical processes. A relatively fast gel stage (time t1, from 30 s up to 28 min) creates a 
semisolid scaffold on which additional solution is deposited. Gelators A, a bis-acylhydrazine–
terminated poly(ethylene glycol), and B, a tris[(4-formylphenoxy) methyl]ethane, form a cross-
linked network of dynamic acylhydrazone bonds through acid-catalyzed condensation (Figure 
3.2).
11
 This chemistry is capable of gelling a wide range of organic liquids, including acrylic and 
thiol-ene monomers. Monomer gelation accomplishes the need to fill gaps stemming from mass 
loss, and conversion to polymer completes the restoration process. Polymerization kinetics on a 
timescale > t1 (hours) avoids premature stiffening of the restored material. Room-temperature 
polymerization is achieved with judicious choice of radical initiators, promoters, and inhibitors.  
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Figure 3.2 Chemical structures of the two-stage components. 
Although biological systems require a complex and highly regulated system of biochemical 
processes to achieve regeneration,
12–19
 our strategy produces reliable performance with relatively 
simple synthetic reagents. The properties of the structural polymer are tailored by selection of the 
monomer, as demonstrated below with two examples. In one example, 2-hydroxyethyl 
methacrylate (HEMA) was polymerized with a methyl ethyl ketone peroxide (MEKP) initiator 
and cobalt naphthenate (CoNp) promoter to give a thermoplastic material;
20
 in a second example, 
liquid thiol-ene agents 1,3-glyceryl dimethacrylate and trimethylolpropane tris(3-mercapto-
propionate) react to form a thermosetting material (Figure 3.2).  
Monomers were selected to fulfill a stringent set of requirements, including high boiling 
points, nonwetting properties, low viscosities, favorable cure kinetics, and the ability to dissolve 
gelators. The reagents required for each monomer system are mutually compatible with the 
reagents used in the gelation chemistry. Independently tunable chemical triggers selectively 
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control the rates of both gelation and polymerization. The components for both examples are 
strategically divided into two stable solutions and loaded into separate microchannels (Figure 
3.1). 
3.2 Rheological Characterization of Two-stage Polymers 
Oscillatory rheology confirmed the separate occurrence of gelation and polymerization 
stages as well as the ability to regulate the reaction kinetics of each stage (Figure 3.3, A to C). A 
representative reaction shown in Fig. 3.3A shows the evolution of storage (G’) and loss (G”) 
moduli of a 12 weight percent (wt%) gelator solution in HEMA. The first plateau of G’ reflects 
monomer gelation to a ~10
4
 to 10
5
 Pa semi-solid. Onset of the gel stage (t1) was defined as the 
crossover of G’ and G”. The second modulus plateau, several orders of magnitude higher, 
reflects a slower transformation from gel to structural polymer. Polymerization onset (t2) was 
designated as the peak of the loss factor (tan δ = G”/G’) (Figure 3.4).  
Rates of gelation and polymerization are largely independent (Figure 3.5), which enables 
precise control of t1 and t2 by varying the concentrations of catalyst for the gelation reaction and 
initiating components for the polymerization reaction. Plots of the time scales of staged 
transitions for the HEMA example are shown in Figure 3.3, B and C. Gelation rate is dependent 
on catalyst concentration and determines the scaffold-forming ability. Gel times are controlled 
from 30 s up to about 30 min (Fig. 3.3B). Control of polymerization was achieved by varying 
promoter concentration in an inert environment, with the polymer stages taking hold in anywhere 
from 80 to 180 min (Fig. 3.3C). However, free-radical polymerizations of acrylates are sensitive 
to atmospheric oxygen. In contrast, the thiol-ene thermoset chemistry is oxygen-tolerant and 
cures in ambient environments. Early examination of thiol-ene polymerizations in Chapter 2 
showed that the polymerization overshadowed the gel formation even when performed without 
initiators.
21
 To allow sufficient time for gel formation, the radical inhibitor cupferron was used to 
slow the polymerization rate (Figure 3.6).
22,23
 Without inhibitor, the polymerization occurs in 
less than 10 min. The immediate polymer stage prevents formation of the scaffold and obstructs 
further delivery of healing agents. Using small amounts of inhibitor (0.02‒0.05 wt%), the gel 
stage is recovered (Fig. 3.6A). Polymerization time is readily controlled from 8.5 to ~100 min by 
inhibitor concentration (Fig. 3.6B).  
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Figure 3.3 Characterization of the two-stage process. Solutions contain gelators in 
HEMA (monomer) with dichloroacetic acid (catalyst), methyl ethyl ketone peroxide 
(initiator), and cobalt naphthenate (promoter). (A) Rheological properties of the 
restorative reagents over time display both the fast formation of the organogel (t1, 
seconds to minutes), and slower reaction rate to polymer (t2, hours) controlled by the 
concentrations of chemical triggers. (B) Control of gel-stage kinetics by varying catalyst 
concentration (1.5 wt% initiator, 0.1 wt% promoter). (C) Control of polymer stage 
kinetics by varying promoter (2 v/v% catalyst, 1.5 wt% initiator).  
 
Figure 3.4 Polymer stage onset determined by the peak of the loss factor (tan δ = G”/G’). 
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Figure 3.5 Interdependency of gelation and polymerization kinetics for two-stage 
thermoplastic (HEMA) polymer chemistry. The stages are linked through an interaction 
between the peroxide initiator and acid catalyst. (A) Demonstration of slight t1 kinetic 
variation between two formulations:  gel only (dashed line, no initiators) and two-stage 
(solid line, with 1.5 wt% initiator and 0.1 wt% promoter). More significant variation 
occurs with lower catalyst loadings (0.05‒0.1 v/v%) and varies on the order of 20 min in 
the most extreme case. (B) Effect of catalyst concentration on cure rates with 1.5 wt% 
initiator and 0.2 wt% promoter polymerization triggers. As expected, gelation (t1) occurs 
faster with higher catalyst concentration, but t2 is slowed. The change in t2 is on the order 
of 90 minutes. For all restorative experiments reported in this Chapter, gelation occurs 
significantly faster (30 s ‒ 8 minutes) than polymerization (hours). 
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Figure 3.6 Rheology measurements for controlled two-stage thermoset polymerizations 
showing control over polymerization kinetics by changing inhibitor concentration. (A) 
Recovery of gel stage by increasing inhibitor concentration. (B) Control of the t2 by 
cupferron inhibitor concentration. A concentration of 0.04 wt% was used in regeneration 
experiments to allow for sufficient time (> 45 min) between the gel and polymer stages. 
3.3 Volume Deposition Testing 
Gelation allows deposition of material beyond that which is dictated by surface tension 
alone. When damage size exceeds a certain threshold, surface tension is insufficient to retain 
unreacted fluid, and gravity pulls it out of the damage zone. The boundary between surface 
tension and gravity-dominated regimes (described by Tate’s Law and the drop-weight method of 
analysis)
24–26
 was validated for our experimental setup with standard test fluids (Figure 3.7).  
In contrast to these nonreactive fluids, the gel deposition volume exceeds that expected from 
Tate’s Law by over an order of magnitude. Two formulations containing different gel fractions 
are plotted in Figure 3.7, with the greater gel fraction producing a larger deposition volume. The 
increase in volume retained over inert fluids is due to the mechanical support of the in situ–
formed gel. Since gelation and deposition occur on the same time scale, the growing material is 
not only retained by the surface tension of the fluid; it is also retained by the cohesion of the 
restored material and its adhesion to the deposition surface.  
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Figure 3.7 Volume deposited by using restorative gel chemistry (HEMA gel, 2 v/v % 
catalyst, no initiator or promoter). Tate’s Law describes the limiting volume of a 
nonreactive fluid that can be retained with surface tension; standard test fluids confirm 
this relationship (1, pentane; 2, HEMA; 3, dimethylsulfoxide; 4, ethylene glycol; 5, 
glycerol; and 6, water). Two-stage chemistry far exceeds this limit, but deposition is 
dependent on the concentration of gelators. The inset optical image on the left shows the 
volume deposited by 12 wt% gelators, whereas the inset optical image on the right shows 
water test fluid. Scale bars, 5 mm. 
3.4 Two-part Solutions for Restoration Experiments 
Development of the two-stage polymers into a viable healing chemistry requires minimizing 
cross reactions between components and maintaining low solution viscosities. Both gelation and 
polymerization reactions are triggered by the combination of at least two compounds. Therefore, 
stable two-part solutions were prepared by separating the gelation catalyst from the gelators and 
the polymerization initiator from promoter. In addition, the initiator was separated from the 
catalyst to prevent premature decomposition. By mass, Gelator A comprises most of the gelator 
weight fraction, and was split into both solutions to give equal 1:1 volume ratio solutions. Figure 
3.8 lists the components of Part A and Part B solutions for the HEMA thermoplastic system. 
Both solutions must retain activity to permit precise temporal control upon mixing for at least a 6 
h duration. Temporal control of the HEMA system was assessed by tracking the gel time, t1, as 
the solution aged (12 wt% gelators, 0.5 v/v% catalyst, t1 = 1 min for fresh solution). Solutions 
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that were mixed after aging 0‒6 hours had no change in t1. However, after 11 h the gel time 
slowed by 10 s and after 21 h, t1 increased ~17 s.  
Next, the stability of the solutions was assessed by measuring solution viscosity over a 6 h 
period for gel only (no initiator or promoter) and two-stage formulations, shown in Figure 3.8. 
Both formulations exhibited the same viscosity profile (Figure 3.8 A and B), with Part A and 
Part B initial viscosities of around 20 mPa·s. However, the viscosity of the Part B solution 
increased for the first 1 h before plateauing around 55 mPa·s. This increase was likely from 
uncatalyzed acylhydrazone formation between the gelators. 
 
Figure 3.8 Stability of the HEMA thermoplastic system as Part A-Part B solutions. 
Viscosity was measured at a shear rate of 5 s
-1
 over 6 h for HEMA solutions containing 
0.0001 wt% carbon black in (A) gel only formulations (gelators and catalyst) and (B) 
two-stage formulations. Concentrations of each component are listed in Table 3.6. 
Two-part solutions for the thermoset polymer system were prepared in a similar manner 
with Gelator A (61%), catalyst, and promoter in Part A; and Gelator A (39%), Gelator B, and 
initiator in Part B (Figure 3.9). Unlike the HEMA thermoplastic system, the monomer 
composition differs between the two solutions. The thiol monomer trimethylolpropane tris(3-
mercaptopropionate) (TMPTMP) was exclusively added to Part A due to poor solubility of 
Gelator B. The dimethacrylate  monomer 1,3-glyceryl dimethacrylate (GDMA) was divided 
between the solutions (30% in Part A, 70% in Part B) to preserve 1:1 volume ratios. Stability 
was again assessed by monitoring the viscosity over 6 h. Viscosities were significantly higher 
than the HEMA thermoplastic system with initial viscosities of 240 and 110 MPa·s for Part A 
and Part B, respectively. Part A maintained its viscosity for the test duration; however, Part B 
viscosity doubled over the course of 3‒4 hours. Due to the relative instability of the thermoset 
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chemistry, the HEMA thermoplastic system was more thoroughly investigated as a restorative 
healing agent while the thermoset chemistry was evaluated only for maximum fill capacity in the 
following sections. 
 
Figure 3.9 Stability of the two-stage thiol-ene thermoset system as Part A-Part B 
solutions. Viscosity was measured at a shear rate of 5 s
-1
 over 6 h. Concentrations of each 
component are listed in Table 3.6. 
3.4.1 Gelation Sensitivity to Stoichiometric Mismatch 
The gelation chemistry is sensitive to the stoichiometric ratio of the gelators and gels fastest 
when Gelators A and B have a 1:1 molar ratio based on functional groups. A large excess of 
either functional group (hydrazine for Gelator A and aldehyde for Gelator B) inhibits gelation or 
greatly slows t1. Although the healing solutions are delivered in 1:1 volume ratios, poor mixing 
may cause changes in the local stoichiometry and alter the gel time. Table 3.1 illustrates this 
dependence for different volume ratios of Part A and Part B solutions. The average functionality, 
ƒav, of a particular solution has a significant effect on the critical extent of reaction for gelation, 
ρc.
27,28
 For a 1:1 Part A/Part B mixture, ƒav is the highest at 2.4 and will gel the solution when 
approximately 83% of the reaction has occurred. However, when the functional groups are non-
stoichiometric, the average functionality decreases requiring a higher degree of polymerization 
for gelation. The experimental gel times from the solution mixtures in Table 3.1 correlate well 
with the predicted ρc. The stoichiometric 1:1 solution gels the fastest at 29 ± 2 s while the 
solutions with the largest disparity gel 10‒20 s slower. Another important factor that influences 
the gel time is the percent functionalization of the Gelator A oligomer. The poly(ethylene glycol) 
oligomer undergoes three synthetic steps to give 93‒94% functionalized Gelator A. The values 
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for ƒav and ρc in Table 3.1 were determined using 100% Gelator A functionality. Assuming 93% 
of Gelator A by weight has both acylhydrazine end-groups, ƒav is 2.19 and ρc is 0.91 for a 1:1 
Part A/Part B mixture. 
Table 3.1 Influence of stoichiometric ratio of healing solutions on gel time. 12 wt% 
gelators, 2 v/v% DCA catalyst in HEMA.  
Part A:Part B 
Hydrazine:Aldehyde 
(mol ratio) 
ƒav ρc t1 (s) 
2:1 1.65 1.73 1.16 40 ± 3 
1.5:1 1.34 1.99 1.00 32 ± 6 
1:1 1.00 2.40 0.83 29 ± 2 
1:1.5 0.81 2.20 0.91 45 ± 4 
1:2 0.71 2.06 0.97 52 ± 2 
3.5 Analysis of Restorative Capacity 
In our model damage-filling experiments, the restorative reagents span gaps and fill large 
damage volumes by forming a free-standing, dynamic gel scaffold on which continued material 
deposition occurs. We used an open cylinder (sample dimensions are 52 x 52 x 3 mm thick, 330-
μm-diameter parallel channels) as a model geometry to test the filling of large-scale damage in 
thin epoxy sheets. Solutions of HEMA containing gelators, acid catalyst, and fluorescent dye 
(Nile Red and perylene) were delivered to the damage area via separate microchannels (Figure 
3.10A). A computer-controlled, pressurized system ensures reagents are delivered at 1:1 volume 
ratios. Upon entering the damaged region, the components quickly mix and wet the inner surface 
of the sample owing to low viscosity and a low fluid-substrate contact angle. Rapid gelation 
forms a scaffold on which additional fluid from the microvascular channels is deposited. The 
faceted appearance of the recovering damage region (Fig. 3.10A) reflects the mechanical 
stiffness of the developing gel because an ideal liquid would assume a smooth circular shape to 
minimize surface energy. Gelled material grows inward, and the entire damage region is filled as 
the process of deposition and gelation continues. The dynamic nature
29
 of the gelator chemistry 
enables continuous (defect-free) gel interfaces and the formation of a monolithic plug in place of 
the original void. 
Restoration to full mechanical function was accomplished by replenishing lost mass and 
transforming the gelled monomer to a fully polymerized solid. The filling performance of gelling 
and nongelling controls is compared for increasing damage area in Figure 3.10B. The area fill 
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ratio (AFR) is calculated for each damage area as the ratio Afill:A0, where Afill is the area filled by 
the restorative solutions and A0 is the total damage area. The control solutions achieve an AFR of 
1 only for diameters up to 6.3 mm. For larger diameters, the effect of gravity exceeds surface 
tension and causes the controls to drip out of the damaged region, which results in incomplete 
filling. In contrast, gelling solutions fill to capacity (AFR = 1) for damage diameters up to 9.0 
mm by overcoming gravity and circumventing failure by dripping. Damage size diameters 
exceeding 8.0 mm do not reliably fill for all replicates because gravity causes gel material to 
grow downward rather than toward the damage center; however, the AFR remains substantially 
higher than that of control solutions because of superior material retention.  
 
 
Figure 3.10 Restoration performance testing with cylindrical damage geometry. (A) 
Optical images of 7.5-mm-diameter open-cylinder damage geometry after 1, 3, 7, and 13 
min (left to right) pressurized delivery of HEMA gel solutions (2 v/v% catalyst, no 
initiator or promoter). Blue liquid is Part A [HEMA, Gelator A (61% of total Gelator A), 
DCA catalyst] dyed with perylene, and red liquid is Part B [HEMA, Gelator A (39% of 
total Gelator A), Gelator B] dyed with Nile Red. Scale bar, 1 mm. (B) Fill performance 
achieved for cylindrical holes of increasing size for HEMA gel and a non-gelling neat 
HEMA control. AFR = Afill/A0. 
 
66 
 
3.6 Healing Response ‒ Recovery of Mechanical Function 
A pressure cell was used to verify mechanical recovery of our system by applying 345 kPa 
of nitrogen to one side of a damage sample and monitoring leakage on the opposite side.
30
 
Because only a completely filled damage region will withstand pressurization, we tested the 
maximum damage areas at which each restorative system attained complete filling for each of 
five replicates (Figure 3.11). All gelling systems are able to fill larger damage areas than can 
non-gelling solutions but do not provide mechanical recovery without a second transition to 
polymer. Only the thermoplastic and thermoset two-stage polymers combine filling performance 
with mechanical recovery. A standard two-part epoxy resin is presented for comparison, and 
neither fills a substantial damage area nor seals after a 24-hour room temperature cure. As 
demonstrated with both larger-area fill ratios and higher seal rates, two-stage polymers provide 
restoration performance superior to traditional healing chemistries.
31
 The final mechanical 
properties of the two-stage polymer systems are comparable with commercial poly(methyl 
methacrylate) (PMMA) polymers.
32
 Quasistatic tensile testing of the two-stage thermoplastic 
(HEMA) system yields an elastic modulus of 1.8 GPa and a tensile strength of 45 MPa (Table 
3.2). 
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Figure 3.11 Restoration performance of various healing systems after a 24-hour room 
temperature cure, with the curing atmosphere indicated in the legend. Samples are 
subjected to 345 kPa nitrogen pressure loading. Restoration requires both a complete fill 
and recovery of full mechanical function.  
Table 3.2 Tensile modulus and strength for substrate epoxy and two-stage thermoplastic 
with slower gelation time used for impact. Modulus determined using a linear fit between 
0.1‒0.5%. Tested according to ASTM D638, type V at 100 mm/min. 
Sample name 
Modulus 
(GPa) 
Tensile Strength 
(MPa) 
Number of 
Specimens 
Epoxy substrate (EPON 828 / Epikure 3230) 2.54 ± 0.09 83.3 ± 1.5 3 
Two-stage thermoplastic, slow 1.79 ± 0.07 44.9 ± 0.5 3 
 
To test more realistic damage modes, we impacted and punctured specimens using a drop 
tower apparatus. The multiscale damage present in impact specimens represents a substantial 
challenge and requires chemistry that can both regrow the lost mass as well as penetrate into 
microcracks to create a pressure-tight seal. Dropping a striker with a hemispherically shaped tip 
at 6.26 J (Fig. 3.12A) creates a central puncture and radiating cracks, with damage spanning ~35 
mm in diameter. We implemented the same pressurized delivery scheme to fill the damage post-
impact. A dye (Oil Blue N) was used to observe the deposition process, which included wicking 
into the radiating cracks (Fig. 3.12, B and C). Although fast gelation chemistry is advantageous 
for the regrowth of lost mass, it does not provide sufficient time for the reagents to fully 
penetrate into radiating microcracks. By slowing the gelation kinetics to around 8 min, we were 
able to achieve gap-filling and partial penetration of radial microcracks emanating from the 
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central hole. Pressure testing of impact samples yielded ~60% sealing success, with most failures 
attributed to incomplete sealing of the dense network of radiating microcracks. After restoration 
of impact damage, we reimpacted specimens using the same testing protocol and measured 62% 
recovery of total absorbed energy in comparison with the initial impact test. The restored 
material performed on par (76%) with control specimens in which the native substrate material 
was injected into the damage and cured at a high temperature (Table 3.3).  
 
 
Figure 3.12 Restoration of impact damage. Perspective views of impact specimen 
restored with two-stage thermoplastic (HEMA) system (0.1 v/v% catalyst, 1.5 wt% 
initiator, 0.1 wt% promoter). Both components of two-part solutions are dyed and 
recolored for visualization. (A) Specimen mounted into impact test fixture; 4-mm striker 
with a hemispherically shaped tip suspended over specimen. (B and C) Impact damage 
with central puncture and radiating cracks (B) before filling and (C) after filling. Scale 
bar, 5 mm. 
Table 3.3 Average energy absorption from impact testing, error represents standard 
deviation. 
Sample  
Total energy absorbed (J) % energy 
[vs. epoxy 
substrate] 
% energy 
[vs. epoxy 
substrate, epoxy 
injected control] 
# of 
Specimens 
initial impact re-impact 
Epoxy substrate 0.92 ± 0.21  ---- - 30 
HEMA control substrate 0.58 ± 0.22  63% 77% 6 
Two-stage thermoplastic 
control substrate 
0.82 ± 0.39  89% 109% 3 
Epoxy substrate, restored 
with two-stage thermoplastic 
 0.57 ± 0.34 62% 76% 5 
Epoxy substrate, epoxy 
injected control 
 0.76 ± 0.39 82% - 4 
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3.7 Conclusions 
We have demonstrated a vascular approach to damage restoration using a polymer that 
replaces lost mass and recovers structural performance. Our two-stage chemistry makes use of 
both a rapid gelation (gel stage) for gap-filling scaffolds and a slower polymerization (polymer 
stage) for restoration of structural performance. When damage is unpredictable and uncontrolled, 
more complex and interconnected vascular networks
33
 will be necessary to provide sufficient 
vascular coverage and redundancy to circumvent channel blockage. Truly regenerative polymers 
may be possible in the future via on-demand delivery of the chemical components of the native 
substrate polymer coupled with tunable gel and polymer transitions. 
3.8 Experimental Section 
3.8.1 Materials and Methods 
Unless otherwise stated, all starting materials were obtained from commercial suppliers and 
used without further purification. Methyl ethyl ketone peroxide (MEKP, Luperox DDM-9, ~35 
wt%) and cobalt naphthenate (Strem Chemicals, 6% Co) were delivered as weight percent of 
solution. 
1
H NMR spectra were obtained with a Varian 400 or Varian 500 MHz spectrometer. 
Chemical shifts are reported in δ (ppm) relative to the residual solvent peak. Splitting patterns 
are designated as s (singlet), d (doublet), t (triplet), dd (doublet of doublets), m (multiplet), and 
br (broad). 
MALDI-TOF mass spectra were obtained with a Bruker Daltonics UltrafleXtreme MALDI 
TOF. The ions were accelerated under a potential of 20 kV and an external mass calibration was 
used (PEG 1500, Sigma-Aldrich). Samples were prepared from polymer sample (1 mg/mL in 1:1 
(v/v) acetonitrile:water with 1% trifluoroacetic acid) and matrix solution 4-hydroxy-α-
cyanocinnamic acid (CCA, at 10 mg/mL in 1:1 (v/v) acetonitrile:water with 1% trifluoroacetic 
acid).  
Differential scanning calorimetry experiments were conducted using a TA instruments Q20 
DSC. Percent cure data (Table 3.4) was determined from the area under the exotherm curve of 
samples heated from 25 to 200 °C at 10 °C/min. Exotherms from the room temperature cured 
specimens were compared to the exotherms of thermally cured reference samples. Reference 
samples were mixed and directly put into the DSC to cure during the ramp cycle. 
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Table 3.4 Percent cure for two-stage room temperature polymerizations. Each sample 
contained 1.5 wt% MEKP and 0.1 wt% CoNp. Slow (0.1 v/v% catalyst) and fast (2 v/v% 
catalyst) gel chemistries were cured for 48 and 24 hours, respectively, in a purging 
nitrogen chamber. The HEMA control (containing no gelators or catalyst) was cured in 
an argon-filled glovebox for 24 hours. 
Sample Percent Cure 
Two-stage thermoplastic, slow 90 
Two-stage thermoplastic, fast 68 
HEMA (neat) control 77 
3.8.2 Synthesis of Gelator A (Mn 1000) 
 
Mesylate-terminated poly(ethylene glycol) (1). Gelators were synthesized by modification 
of a published procedure
11
 unless otherwise noted. Poly(ethylene glycol) (Mn = 1000 Da) (80 g, 
0.08 mol) was azeotropically dried in benzene, dissolved in dry DCM and charged with 
triethylamine (0.8 mol) under nitrogen. The solution was cooled to 0 °C and methanesulfonyl 
chloride (0.8 mol) was added dropwise. After stirring at room temperature for 24 h, the solution 
was filtered to remove the precipitate and diluted with water. The solution was extracted with 
DCM and washed with 1 M HCl and brine. Product solution was then dried over MgSO4 and 
condensed in vacuo. The concentrated oil was next precipitated by dropwise addition into cold 
ethyl ether. A light yellow product was collected and dried to give 1, 98–99% functionalized 
(76.0 g, 80%). 
1
H NMR (500 MHz, CDCl3) δ 4.37 (t, 4H), 3.76 (t, 4H), 3.66–3.60 (m, CH2 
PEG), 3.08 (s, 6H, CH3 mesyl). HRMS (m/z): [M + Li]
+
 Calcd for C50H102O29S2Li, 1237.611; 
found, 1237.027. 
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Figure 3.13 1H NMR of 1 in CDCl3. 
 
 
Methyl benzoate-terminated poly(ethylene glycol) (2). Compound 1 (74 g, 0.062 mol), 
methyl 4-hydroxybenzoate (0.19 mol) and potassium carbonate (0.37 mol) were refluxed in 
acetone overnight. The solution was condensed and diluted with water, extracted with DCM, and 
dried over MgSO4. Product solution was concentrated and precipitated in ethyl ether. A white 
product was collected and dried to give 2, 99% functionalized (69.6 g, 86%). 
1
H NMR (400 
MHz, CDCl3) δ 7.98 (d, J = 9.0 Hz, 4H, aromatic), 6.93 (d, J = 9.0 Hz, 4H, aromatic), 4.17 (t, 
4H), 3.88–3.86 (m, CH3 benzoate, PEG), 3.73–3.59 (m, CH2 PEG). HRMS (m/z): [M + K]
+
 
Calcd for C64H110O29K, 1381.677; found, 1381.787. 
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Figure 3.14 1H NMR of 2 in CDCl3. 
 
 
Bis-acylhydrazine-terminated poly(ethylene glycol) (Gelator A). Compound 2 (68 g, 
0.052 mol) was dissolved in EtOH with heating. Hydrazine hydrate solution, 80% in water (4.66 
mol) was added and the solution refluxed for 16 h. The solution was condensed and diluted with 
water, extracted with DCM and washed with 1:1 water:brine. The organic layer was dried over 
Na2SO4, condensed and precipitated in ethyl ether. A white product was collected and dried to 
give Gelator A, 96% funct., 93–94% overall functionalization (49 g, 72%). 1H NMR (400 MHz, 
DMSO-d6) δ 9.61 (s, 2H, NH), 7.79 (d, J = 9.0 Hz, 4H, aromatic), 6.99 (d, J = 9.0 Hz, 4H, 
aromatic), 4.46 (br s, 4H, NH2), 4.13 (t, 4H), 3.74 (t, 4H), 3.60–3.46 (m, PEG). HRMS (m/z): [M 
+ Na]
+
 Calcd for C62H110O27N4Na, 1365.726; found, 1365.767.  Percent functionalization for 1 
and 2 was determined by relative abundance of parent peaks in the MALDI-TOF spectra. Final 
functionalization of Gelator A was determined by comparing peak areas according to literature 
procedure (Figure 3.15 and Figure 3.16).
11
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Figure 3.15 1H NMR of Gelator A in DMSO-d6. Percent functionalization was 
determined by relative abundance of parent peaks in MALDI spectra for 1 and 2. 
However, Gelator A and 2 have the same mass. Final functionalization was determined 
according to literature procedure
11
 by comparing hydrazine peak integrals (b) with 
aromatic peak integrals (c) or (d). The integration value remained constant over d1 
relaxation times from 0 to 20. 
 
Figure 3.16 MALDI-TOF mass spectrum of Gelator A. Full spectrum of oligomer (left). 
Expanded region of spectrum showing major peaks and three minor series (right). 
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3.8.3 Synthesis of Gelator B 
 
Tris[(4-tolylsulfonyl)methyl]ethane (3) was synthesized following a literature procedure.
34
 
1
H NMR (500 MHz, CDCl3) δ 7.71 (d, J = 8.3 Hz, 6H, aromatic), 7.36 (d, J = 8.0 Hz, 6H, 
aromatic), 3.76 (s, 6H, CH2), 2.47 (s, 9H, CH3 tosyl), 0.89 (s, 3H, CH3 head of the bridge).
 
 
 
Tris[(4-formylphenoxy)methyl]ethane (Gelator B). Compound 3 (4 g, 6.87 mmol), 4-
hydroxybenzaldehyde (27.46 mmol) and potassium carbonate (27.46 mmol) were dissolved in 
DMF and refluxed under nitrogen overnight. The solution was concentrated and diluted with 
water, extracted with EtOAc, washed with 1:1 water:brine and brine. The resulting yellow 
solution was dried over MgSO4. The crude product was purified twice by column 
chromatography eluting with 10% EtOAc/DCM. The final product was dried overnight under 
vacuum at 50 °C to yield Gelator B as a white solid (1.48 g, 50%). 
1
H NMR (500 MHz, CDCl3) 
δ 9.89 (s, 3H, CHO), 7.84 (d, J = 8.7 Hz, 6H, aromatic), 7.03 (d, J = 8.7 Hz, 6H, aromatic), 4.20 
(s, 6H, CH2), 1.39 (s, 3H, CH3 head of bridge).  
3.8.4 Gelation Stoichiometry Calculations 
The average functionality, ƒav, of all monomer units listed in Table 3.1 were determined 
using two equations for step-growth polymerizations: 
 fav = ∑Ni·fi / ∑Ni  (3.1) 
where Ni is the number of moles of given monomer i with functionality ƒi of all monomers 
in the reaction. Equation 3.1 is a modified Carothers equation
27
 and is only valid when the total 
values for each functional group are equal, ƒ1 = ƒ2. This equation was used to determine ƒav for 
the 1:1 volume ratio Part A:Part B solution mixture (assuming 100% Gelator A 
functionalization). For all other volume ratios where ƒ1 ≠ ƒ2, the following equation for non-
stoichiometric mixtures was used: 
 fav = 2(NA·fA + NC·fC) / (NA + NB + NC) (3.2) 
where NA is the number of moles of monomer A with functionality ƒA, NB moles of B and 
NC moles of C with functionalities ƒB and ƒC, respectively. AƒA and CƒC are equal (total number 
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of functional groups 1), and BƒB is in excess (total number of functional groups 2).
28
 The degree 
of polymerization, Xn, is 
 Xn = 2 / (2‒ρfav) (3.3) 
where ρ is the extent of the reaction. As the reaction progresses, Xn approaches infinity. By 
rearranging Equation 3.3, the critical extent of reaction, ρc, at the gel point is  
 ρc ≈ 2 / fav  (3.4) 
Equation 3.4 gives an estimate of ρc, however gelation is difficult to accurately predict. 
Numerous factors influence gelation including viscosity, non-covalent interactions (e.g. 
hydrogen bonding), impurities, and defects in the gel structure such as loops or dangling chain 
ends.
28
 
3.8.5 Mechanical Characterization 
The gel transition (t1) was detected by tabletop rheology through inversion of a 10 mm 
diameter cylindrical vial.
35
 Rheometric data for t2 measurements was obtained with a TA 
Instruments AR-G2 rheometer using 25 mm parallel aluminum plates at room temperature in a 
purging nitrogen atmosphere (thermoplastic, Figure 3.17) or in air (thermoset). Time sweep tests 
were performed at a strain of 0.1% and frequency of 1 Hz. HEMA thermoplastic samples were 
prepared by dissolving gelators (12 wt%, 3:2 mol ratio A:B) into 0.5 mL of HEMA. Next, CoNp 
promoter (0.1 – 0.3 wt%) MEKP initiator (1.5 wt%) and dichloroacetic acid catalyst (2 v/v%) 
were mixed and quickly transferred onto the plates. Thiol-ene thermoset samples were prepared 
similarly by mixing 1,3-glyceryl dimethacrylate (GDMA) solution (Gelator B and promoter in 
GDMA) and trimethylolpropane tris(3-mercaptopropionate) (TMPTMP) solution (Gelator A in 
TMPTMP). Inhibitor was incorporated by adding the necessary amount of a premixed 0.1 wt% 
cupferron GDMA stock solution. MEKP initiator, CoNp promoter, and catalyst were added 
sequentially, mixed, and the solution added to the plates. 
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Figure 3.17 Rheology experimental set-up for inert testing. Purge chamber surrounds 25 
mm parallel plates. Nitrogen purges continuously through the bottom inlet and out 
through the top during two-stage polymerizations. 
Stability tests were conducted using a TA Instruments AR-G2 rheometer using 40 mm 
parallel aluminum plates. The viscosity was measured for 6 h at a constant shear rate of 5 s
-1
.  
Dynamic mechanical analysis experiments were performed with a TA Instruments RSA III 
for two-stage polymer systems and epoxy. Solutions were cured in molds at room temperature. 
Two-stage thermoplastic (2 v/v% catalyst, 1.5 wt% initiator, 0.1 wt% promoter), and two-stage 
thermoplastic slow gelation (0.1 v/v% catalyst, 1.5 wt% initiator, 0.1 wt% promoter) were cured 
under nitrogen purge for 24 and 48 h, respectively. Two-stage thermoset was cured in air for 24 
h. Epoxy samples (EPON 828/EPIKURE 3230, Momentive) were cured according to manu-
facturer specifications (80 °C for 2 h and 125 °C for 3 h). Cast specimens were cut into 
rectangular samples (dimensions 30 x 5 x 0.5 mm for two-stage polymers and 30 x 2 x 0.5 mm 
for epoxy). The tensile storage (E’) modulus was recorded as a function of frequency (0.1 – 63 
Hz) at 0.1% strain. Storage moduli are shown in Figure 3.18 with values at 1 and 10 Hz shown in 
Table 3.5. 
Quasi-static tensile test experiments were performed as outlined in White et al.
36
 The 
average elastic modulus and tensile strength are given in Table 3.2. 
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Figure 3.18 Storage modulus of restoration materials and epoxy substrate as a function 
of frequency obtained by Dynamic Mechanical Analysis (DMA). 
 
Table 3.5 Modulus of restoration materials taken from DMA tests at 1 and 10 Hz 
frequencies. The standard deviation of samples for the slow gelling (0.1 v/v% catalyst) 
two-stage thermoplastic polymer was below 5 MPa so an error of 0 is listed. 
Sample E’ at 1 Hz (MPa) E’ at 10 Hz (MPa) 
Epoxy (EPON 828/Epikure 3230) 2570 ± 260 2610 ± 260 
Two-stage thermoplastic, slow 1090 ± 0 1370 ± 0 
Two-stage thermoplastic 910 ± 120 1160 ± 110 
Two-stage thermoset 780 ± 40 1010 ± 40 
3.8.6 Reagent Solutions 
The formulation of each of the reagent solutions is given in Table 3.6. Gelators for Part A 
and Part B solutions were weighed into 10 mL scintillation vials. Monomer was added to each 
vial and the solution was sonicated for 5-10 min until the gelators dissolved. The additional 
polymerization components (acid catalyst, initiator, and promoter) were added to their respective 
solutions and mixed using a vortex mixer. To visualize filling experiments more clearly, dye 
(Nile Red, perylene, carbon black, or Oil Blue N) was premixed into monomer HEMA (0.5 
mg/mL) prior to adding to the solutions. 
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Table 3.6 Two-part solution composition for restoration experiments. Amounts listed for 
1.5 wt% initiator, 0.1 wt% promoter, and 2 v/v% catalyst. The two-stage thermoset also 
includes 0.04 wt% inhibitor. 
 Two-stage thermoplastic polymer
a 
Two-stage thermoset polymer
b 
 Component Amount Component Amount 
P
a
rt
 A
 
Gelator A
c
 (61%) 0.146 g Gelator A
c
 (61%) 0.146 g 
Catalyst 40.8 μL Catalyst 35.6 μL 
Promoter 2.1 μL Promoter 2.3 μL 
HEMA 1 mL Inhibitor 0.80 mg 
  TMPTMP
d 
0.608 g 
  GDMA (30%) 0.415 g 
P
a
rt
 B
 Gelator A
c
 (39%) 0.093 g Gelator A
c
 (39%) 0.093 g 
Gelator B 0.053 g Gelator B .0.053 g 
Initiator 31.0 μL Initiator 31.0 μL 
HEMA 1 mL GDMA (70%) 0.977 g 
a
Representative values for 2 mL of total monomer (1 mL per solution); amounts with 
respect to monomer. 
b
Representative values for 2 g of total monomer; amounts with 
respect to monomer. 
c
12wt% gelators (3:2 mol ratio A:B) which were divided for 
equal volume Part A and Part B solutions. 
d
TMPTMP:GDMA 1:2.7 mol ratio of 
functional groups. 
3.8.7 Volume Deposition Testing 
The basis for volume deposition testing is the drop-weight method, typically used to 
determine the surface tension of fluids.
24–26
 Tate’s Law (mg = 2πσ) describes the relationship 
between the surface tension and the weight of a drop that detaches from the bottom side of a 
vertically oriented cylinder under the influence of gravity (Figure 3.19) (m = mass of drop that 
separates from cylinder, g = gravitational constant, σ = surface tension of fluid). Tests fluids and 
gelling HEMA samples (10 and 12 wt% gelators) were examined for their maximum deposition 
volumes following a procedure outlined in White et al.
36
 
 
 
Figure 3.19 Mass deposition test setup. Two part solutions are delivered through 
channels in the fixture. Mass is deposited and suspends from a 2 mm diameter cylinder. 
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3.8.8 Specimen Fabrication and Experimental Setup 
Vascular specimens were fabricated from an epoxy substrate (EPON 828/EPIKURE 3230) 
with 330 μm channels having a mean center-to-center spacing of 380 μm and were located 500 
μm on center from the top surface of the specimen. Specimens were coated with a 
superoleophobic material, fill experiments used samples coated with Ultra-Ever Dry (UltraTech 
International Inc.) and impact specimens were coated with Freekote 55-NC (Henkel). Two part 
solutions were delivered using a computer-controlled prescribed pumping schedule and imaged 
from above (Figure 3.20A).  
Upon complete filling, the samples were cured in a purging nitrogen atmosphere for 24 h 
(cylindrical damage samples) or 48 h (impact damage samples) at room temperature. Seal testing 
was performed using a pressure test cell
30
 with identical protocols for all damage geometries and 
healing chemistries (Figure 3.20B). Samples were loaded on one side of the sample to 345 kPa 
pressure with nitrogen gas. An input transducer monitored pressure on the loading side of the 
sample. An output pressure transducer detected leakage across the restored damage volume on 
the opposite side of the sample. Pressure was applied for 10 min. Fully sealed samples exhibited 
no detectable leakage across the sample for the entire duration of the test. Failure was determined 
as samples that did not seal the full 345 kPa pressure for the entire test. Seal testing data in 
Figure 3.11 represent the percent of samples that achieved full sealing. Full experimental details 
available in White et al.
36
 
 
 
Figure 3.20 Restoration experiment setup. (A) Samples are affixed horizontally. Fluids 
are delivered through parallel channels using pressurized delivery. (B) Pressure cell for 
structural recovery tests. 
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3.8.9 Impact Testing 
Impact damage was created using a drop-weight tower (Dynatup 8210) equipped with a 4 
mm hemispherical shaped striker. The drop height was 100 mm, with corresponding impact 
energy of 6.26 J. After restoration of impact damage using two-stage thermoplastic chemistry, 
specimens were re-impacted to determine their recovery of impact energy. Specimens that 
passed the pressure test were considered to have successfully restored their mechanical function, 
and were thus re-impact tested. Three control cases were also tested. Two of these control cases 
were substrates (52 x 52 x 3 mm) made of a different material than the standard epoxy 
specimens: 1) specimens composed of HEMA only, the monomer used in the two-stage 
thermoplastic chemistry (cured with 0.5 wt% MEKP initiator, and 0.025 wt% CoNp promoter in 
an argon filled glove box); 2) specimens composed entirely of two-stage thermoplastic (0.1 v/v% 
catalyst, 1.5 wt% initiator, 0.1 wt% promoter, under nitrogen purge). The third control case 
consisted of the standard epoxy substrate after impact that was manually filled with the native 
epoxy substrate material and cured. Samples were re-impacted and their impact energy 
absorption recorded. Representative absorbed energy plots are shown in Figure 3.21. The 
average energy absorption for each specimen is given in Table 3.3. Full experimental details 
available in White et al.
36
 
 
 
Figure 3.21 Representative energy absorption for impact tests. 
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3.8.10 Contact Angle 
Contact angle was used to characterize the non-wetting performance of sample coatings. A 
computer-controlled syringe pump (KD Scientific) deposited 5 μL of test fluid through a 150 μm 
syringe tip onto a level, polished and coated epoxy substrate. Images were recorded with a CCD 
(QImaging Micropublisher 3.3 RTV) and an attached lens (Nikon AF Micro Nikkor 60 mm 
1:2.8D) illuminated from behind (Dolan-Jenner QVMABL). Images of surface droplets were 
analyzed using the DropSnake
37
 plugin on ImageJ software. Twenty drops were analyzed and 
averaged for each test case. 
Table 3.7 Nonwetting performance of HEMA on various surface coatings. Sample 
exterior surfaces were coated to cause preferential wetting of two-stage chemistries on 
epoxy surfaces exposed in the damage region. 
Coating Contact Angle (°) 
None 18.4 ± 7.6 
Frekote® 82.3 ± 1.7 
Ultra-Ever Dry® 163.0 ± 11.2 
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Chapter 4 - Two-stage Polymer Chemistry: A Broad Tool 
for Material Regeneration* 
4.1 Introduction 
The potential of self-healing polymers to significantly advance material safety and longevity 
has led to significant research in a variety of applications, including high performance 
composites, coatings, and civil infrastructure.
1–3
 While the field has grown considerably in the 
last 15 years, self-healing systems have been limited to recovery of internal and surface 
microcracks.
4
 Capsule based approaches, such as microencapsulation of healing agents, only 
provide a finite payload, and are limited to a single healing event of localized damage. Intrinsic 
systems self-heal via embedded latent healing functionality (e.g. thermoreversible bonds, chain 
entanglement) and can undergo multiple healing cycles, given that the damaged surfaces remain 
in intimate contact. Vascular approaches offer a biomimetic strategy to deliver potentially 
limitless amounts of healing fluids through embedded channels. However, when millimeter-sized 
gaps are introduced into the material, liquid healing agents leak out rather than spanning the 
damage region. We have previously reported a microvascular system capable of regenerating 
large, open voids using a two-stage polymer chemistry by incorporating healing agents with self-
supporting properties.
5
 By combining a monomeric solvent with scaffold-forming gelators, the 
system surpassed the limitations of surface tension, restoring gaps up to 9 mm in diameter.
5
  
                                                 
* Portions of this Chapter are adapted from: Santa Cruz, W. A.; Krull, B. P.; Gergely, R. C. R; Pruitt, E. L.; 
White, S. R.; Sottos, N. R.; Moore, J. S. Manuscript in preparation. 
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Figure 4.1 Two-stage rheological properties. Independent, temporally controlled material 
transitions from sol-to-gel (t1) and gel-to-polymer (t2) achieved by varying gelation 
catalyst and polymerization initiator concentrations. 
Conventional polymerization occurs in a single step from liquid state to a final, high 
modulus polymer. Conversely, the two-stage chemistry undergoes two rheological transitions, 
exhibiting distinct gel and polymer stages (Figure 4.1). Material regeneration is accomplished by 
delivering two low-viscosity solutions through microvascular channels to the damage region. 
Rapid, catalyzed transition of the solution mixture to semi-solid comprises the gel stage, creating 
a scaffold that supports additional fluid deposition. In the second stage, the monomeric healing 
agent, which infiltrates the organogel, polymerizes to form a final structural polymer. The gel 
scaffold consists of a network of acylhydrazone bonds formed by acid-catalyzed condensation of 
Gelator A, bis-acylhydrazine-terminated poly(ethylene glycol), and B, tris[(4-formylphenoxy) 
methyl]ethane. Subsequent promoted, free-radical polymerization of the monomeric solvent 
affords the final regenerated material. This chemistry allows for the generation of materials with 
tunable properties and is highly adaptable with independent control over the kinetics of both 
stages without relying on external stimuli (i.e. heat and light). Low concentrations of chemical 
triggering agents determine the onset of each stage. For the gel stage, changes in acid catalyst 
concentration tune the gelation time, t1, from a few seconds up to multiple days.
5–7
 In our 
previous work, this control enabled the healing chemistry to adapt to multiple damage modes 
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including microcracks, where infiltration of cracks was aided by slower gel times, and large 
through-hole voids, where faster gel times were advantageous. Room temperature 
polymerization was achieved via redox-promoted decomposition of a hydroperoxide initiator at 
an onset time designated, t2. Carefully tuning the polymerization kinetics prevented premature 
hardening of the healing agent which obstructs further scaffold deposition. 
Using this two-stage chemistry with 2-hydroxyethyl methacrylate (HEMA), damage area 
recovery was increased by 51% over non-scaffold forming healing agents.
5
 However, solutions 
containing only the gelation chemistry (no polymer stage) are able to fill areas 82% larger than 
the control. The addition of the polymerization components negatively affects the gel stage and 
limits the fillable area in two-stage formulations. Herein, a new polymer stage initiating 
chemistry was investigated to improve the independence of the two stages. Furthermore, we 
demonstrate the versatility of our two-stage polymer chemistry by exploring the gel-forming 
ability in a variety of monomeric solvents. Of these, five vinyl monomers were selected for an 
in-depth rheological study comparing temporal control (gel time, t1, and subsequent 
polymerization onset, t2) with the improved and previously reported autonomic initiating 
systems. Finally, the two-stage polymers were evaluated as potential regenerative healing agents 
based on their wetting properties, stability and mechanical performance.  
4.2 Selection of Two-stage Chemistry 
The versatility of our two-stage chemistry is demonstrated by its wide range of material 
properties. The gelation chemistry (see Figure 4.2) is broadly compatible with a variety of 
organic solvents. In particular, the high solubility of the poly(ethylene glycol) backbone of 
Gelator A allows for the formation of free-standing gels in more than 35 vinyl liquids including 
(meth)acrylates, acrylamides, styrenes, and vinyl ethers. Figure 4.3 shows gels formed in 24 
different monomers using dichloroacetic acid (DCA) as the gelation catalyst. Monomers suitable 
as regenerative healing agents must readily solvate the gelators and have high boiling points, low 
viscosities, and curing kinetics favorable for bulk polymerizations at room temperature. Five 
monomers were explored as potential two-stage polymers—hydroxypropyl methacrylate 
(HPMA, #1); 2-hydroxyethyl acrylate (HEA, #3); 2-phenoxyethyl methacrylate (PEM, #5); N,N-
dimethylacrylamide, (NN-DMA, #18); and methacrylic acid (MAA, #24) (numbers correspond 
to gels in Figure 4.3). 
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Figure 4.2 Gelation chemistry and free-radical redox initiator systems. Acid-catalyzed 
gelation through condensation of Gelator A (Mn = 2000) and Gelator B. Promoted room 
temperature polymerization using initiator system (I) methyl ethyl ketone peroxide and 
cobalt naphthenate or (II) cumene hydroperoxide, iron gluconate and either hydrazine or 
tetrahydroquinoline. 
The independent rheological transitions of the two-stage polymer chemistry provide 
significant advantages in large damage volume regeneration.
5
 The ability of our system to 
regenerate various damage modes (i.e. millimeter-sized gaps and crack planes) originates from 
the unique temporal control of the sol-to-gel and gel-to-polymer transformations. However, 
achieving complete distinction between stages has been limited due to the instability of the 
peroxide initiator. The original initiating system (initiator system I) for the polymerization stage 
uses methyl ethyl ketone peroxide (MEKP), which is promoted to decompose at room 
temperature with a metal-salt promoter, cobalt naphthenate (Figure 4.2). However, MEKP is 
very sensitive to strong acids which induces decomposition through heterolysis of the oxygen-
oxygen bond (‒O-OH).8–10 Increasing concentrations of gelation catalyst increase the 
polymerization time t2; consequently, the two stages become interdependent. The acid sensitivity 
of MEKP also affects the gel time, t1, where gelation occurs faster in a gel-only versus two-stage 
formulations.
5
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Figure 4.3 Gelation of monomeric solvents. Gels formed using 12 wt% gelators and 0.1 
v/v% dichloroacetic acid catalyst. 1) hydroxypropyl methacrylate, HPMA; 2) 
hydroxypropyl acrylate; 3) 2-hydroxyethyl acrylate, HEA; 4) glycidyl methacrylate; 5) 2-
phenoxyethyl methacrylate, PEM; 6) trimethylolpropane triacrylate; 7) methyl acrylate; 
8) methyl methacrylate; 9) ethyl acrylate; 10) styrene; 11) 4-acetoxystyrene; 12) α-methyl 
styrene; 13) ethylene glycol dimethacrylate; 14) poly(ethylene glycol)-dimethacrylate, Mn 
~550; 15) divinyl benzene; 16) 1,4-butanediol diacrylate; 17) N-(3-
methoxypropyl)acrylamide; 18) N,N-dimethylacrylamide, NN-DMA; 19) ethylene glycol 
vinyl ether; 20) N-vinyl-2-pyrrolidone; 21) acrylonitrile; 22) 2-carboxyethyl acrylate; 23) 
acrylic acid; 24) methacrylic acid, MAA. 
Development of an improved initiating system focused on a more stable initiator, cumene 
hydroperoxide (CHP). CHP has a higher thermal stability than MEKP and does not decompose 
under mildly acidic conditions.
11
 Like MEKP, CHP rapidly decomposes in the presence of a 
metal-salt via one-electron redox reaction at room temperature:  
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 ROOH  +  M
n+
  →  RO˙  +  OH¯  +  M(n+1)+ 
 ROOH  +  M
(n+1)+
  →  ROO˙  +  H+  +  Mn+ 
CHP is commonly decomposed by the addition iron (II) or copper (I) cations, both with low 
energy barriers between oxidation states.
12
 We utilized iron (II) gluconate as the promoter in 
initiator system II (Figure 4.2). Typical redox initiation of CHP employ various co-accelerators 
to reduce iron (III) to the more active iron (II) to achieve rapid decomposition, which is mainly 
attributed to the low oxidation state of the metal ions.
13
 Simple screening tests were conducted 
on common co-accelerators in combination with initiator system II (1:10 and 1:100 mol Fe
2+
:co-
accelerator) in neat monomer (Table 4.1). The addition of any co-accelerator significantly 
increased the mechanical properties of the final, cured polymer. In contrast, control reactions 
with only Fe
2+
 (0.32 wt%) and CHP (1.5 wt%) either did not or only partially polymerized after 
curing for 16 hours. N,N-dimethyl-p-toluidine (DMPT) was an effective co-accelerator for most 
monomers but the basic amine slows the acid-catalyzed gel time in two-stage formulations. 
Sodium hydroxymethanesulfinate (rongalite) was the strongest reducing agent and aided the bulk 
polymerization of all monomers tested. However, polymerizations were extremely rapid and 
proceeded instantaneously in NN-DMA and hydroxypropyl acrylate. Neither 1,2,3,4-
tetrahydroquinoline (THQ) or hydrazine influenced the gelation chemistry when used in catalytic 
concentrations and were employed as co-accelerators in initiator system II.  
Table 4.1 Co-accelerator screening in select monomers. 
Monomer
a
 
  
Co-accelerator
b
 
DMPT THQ Hydrazine APH Rongalite ─ 
NN-DMA p p p p p wp 
HPMA p p p p p n 
PEM n p p wp p n 
HEMA p p p p p wp 
HPA p p p p p n 
NVP n n n n wp n 
4-AS n n n n wp n 
a
Solutions contain 1.5 wt% CHP, 0.32 wt% Fe
2+
 and 1 v/v% catalyst, cured for 16 hours in a 
purging nitrogen atmosphere. HEMA = 2-hydroxyethyl methacrylate, HPA = hydroxypropyl 
acrylate, NVP = N-vinyl-2-pyrrolidone, 4-AS = 4-acetoxystyrene. 
b
Comprehensive results 
from concentrations 1:10 and 1:100 Fe
2+
:co-accelerator. p = hard polymer, wp = 
weakly/partially polymerized, n = no polymer formed. 
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4.3 Temporal Control over Gel and Polymerization Reactions 
Control of gelation kinetics enables the healing chemistry to adapt to multiple scales of 
damage, i.e. microcracks and through-hole voids. The polymerization must be rapid to avoid 
evaporation of healing agents, but also sufficiently slow not to obstruct filling. Five vinyl 
monomers were selected as two-stage healing agents for in-depth rheological study of reaction 
kinetics ─ gel time, t1, and polymerization onset, t2. We further compared the temporal control 
afforded using both initiator systems:  MAA and HEA were polymerized using initiator system I, 
and HPMA, PEM and NN-DMA were polymerized using initiator system II (Figure 4.2). The 
results were compared to the regenerative system containing HEMA (2-hydroxyethyl 
methacrylate), which was established in Chapter 3 as a regenerative healing agent. 
Concentrations of promoter and co-accelerator were adjusted for optimal control of 
polymerization and stiffness of the final polymer. 
Gel-stage kinetics were varied using DCA catalyst concentrations from 0.05‒2 v/v% in gel-
only and two-stage formulations (Figure 4.4A‒F). The gel time (t1), measured by tabletop 
rheology, steadily decreases in all monomers as more catalyst is added. However, the acid 
sensitivity of MEKP (initiator system I) is apparent. At low catalyst concentrations, gel times 
differ by 1‒10 minutes between gel-only and two-stage systems in HEA and MAA, and have 
been shown to vary more than 20 minutes in our previous work using HEMA.
5
 Conversely, 
initiator system II offers a significant improvement in t1 distinction. For all catalyst 
concentrations tested in PEM, NN-DMA and HPMA, t1 was unaffected by the introduction of the 
initiation chemistry (Figure 4.4C‒E). 
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Figure 4.4 Control of gel stage kinetics via dichloroacetic acid (DCA) catalyst 
concentration. Gel times, t1, per catalyst volume percent for formulations containing gel 
only (no initiators) and two-stage chemistries. Two-stage contains initiator system I for 
HEMA (A), HEA (B) and MAA (C); initiator system II for NN-DMA (D), HPMA (E) 
and PEM (F). Concentration of initiating components for two-stage formulations are the 
given in Section 4.8.4. 12 wt% gel solutions of acidic MAA will gel in 7 min without 
catalyst. The average is reported with error bars at high and low values. For some data 
points, error bars are smaller than the symbols. (Direct comparison of HEMA gel times to 
the new two-stage polymers is not applicable because HEMA uses Gelator A with a Mn = 
1000 g/mol). 
The polymerization rates were measured using oscillatory rheology. Gelation of monomer 
sol solutions were achieved with 1.0 v/v% catalyst for t1 values between 1‒2.5 min with the gel 
stage reaching a plateau modulus of 10
4
-10
5
 Pa. Subsequent onset of polymerization (t2) was 
defined as the sharp modulus increase from the gel stage (see Section 4.8.6) and precisely 
controlled by varying concentration of initiating components. The gel plateau (t1─t2) varied from 
as little as 16 min to ~2 h for NN-DMA and HPMA, respectively. Controlled onset times are 
given in Figure 4.5 and, in general, coincide with the bulk propagation rates of the neat monomer 
(with the exception of PEM, kp = 900 L/mol·s at 60 °C).
14
 HEMA, HEA and NN-DMA exhibit 
the highest kp values of 1.3 x10
4
, 1.0x10
4
 and 1.6x10
4
 L/mol·s at 25°C, respectively, and the 
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fastest t2 times.
15,16
 Likewise, MAA and HPMA display slow t2 times and low kp values of 600 
and 790 L/mol·s at 25 °C, respectively.
17
 Both initiator systems enable direct control of t2 
through variation of either promoter or co-accelerator concentrations. Precise control of the 
polymer stage allows for readily adaptable chemistries without external energy input (i.e. light or 
heat), synthesis of monomers, or strict stoichiometric control of monomer components. 
 
Figure 4.5 Control of polymer-stage kinetics. Polymerization onset, t2, varied by 
promoter or co-accelerator weight percent; all formulations contain 12 wt% gelators, 1 
v/v% DCA catalyst and 1.5 wt% initiator. Two-stage initiator system I for (A) HEMA, 
HEA and MAA; initiator system II for (B) NN-DMA (0.035 v/v% hydrazine), (C) PEM 
(0.08 wt% Fe
2+
) and HPMA (0.32 wt% Fe
2+
). Inset: enlarged in view of NN-DMA. 
*HEMA data was added from Chapter 3 for reference. The average is reported with error 
bars as high and low values. For some data points, error bars are smaller than the 
symbols. 
4.4 Interdependence of Initiator Systems 
Although orthogonal gel and polymer stages are desired, changing acid concentration does 
influence the onset time of polymerization, t2, showing interdependence of the two stages. Figure 
4.6 outlines this effect in the two-stage polymerization of MAA (initiator system I) and HPMA 
(initiator system II) with 0.1 and 1.0 v/v% DCA catalyst. As designed, lowering concentrations 
of acid increase t1; however, t2 also varies. In all monomers polymerized using MEKP-containing 
initiator system I, high acid concentrations slow t2. For example, in Figure 4.6A, the Δt2 of MAA 
is 74 min, ~14 times slower with 1.0 v/v% of catalyst loading. In Figure 4.6B, the CHP-
containing initiator system II with 1.0 v/v% catalyst polymerizes ~2 times faster than 0.1 v/v% 
in HPMA. Strong mineral acids (e.g. sulfuric, nitric, hydrochloric acids) have been shown to 
decompose peroxide initiators through heterolytic cleavage of the oxygen-oxygen bond.
8,9,18
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MEKP undergoes the acid-induced heterolysis to form ethanol and peracetic acid;
19
 the same 
mechanism, known as the Hock process, is used commercially with CHP to produce phenol and 
acetone.
11,20,21
 Thus, addition of high concentrations of DCA was anticipated to behave similarly 
to adding less initiator. Instead, the catalyst contributes to the polymerization of monomer in 
initiator system II by increasing the polymerization rates.  
 
Figure 4.6 Interdependence of gelation and polymerization kinetics. Gel time shift, Δt1, 
and polymerization onset shift, Δt2, after changing catalyst concentration from 1 v/v% to 
0.1 v/v%. (A) Effect in MAA using initiator system I. (B) Effect in HPMA using initiator 
system II. Concentration of initiating components is the same as listed in Section 4.8.4. 
Factors contributing to the observed reactivity differences between initiator systems I and II 
include the decomposition of the hydroperoxide initiator and pH-dependent oxidation state of the 
metal promoter. The proposed decomposition pathways of hydroperoxides are given in Figure 
4.7 and can be divided into two mechanisms:  homolytic and heterolytic cleavage. Heterolytic 
decomposition, as mentioned above, can occur through reaction with strong acids. Acids also 
lower the activation energy of oxygen-oxygen bond homolysis through protonation of the 
hydroxyl oxygen of the hydroperoxide.
22
 Thus, onset temperatures (T0) for thermal 
decomposition decrease upon addition of acid. Table 4.2 illustrates this effect for MEKP and 
CHP with 0.1 and 1 v/v% DCA catalyst additives. The thermal stability of both initiators 
decreases by 17 and 54 degrees with the addition of 1 v/v% DCA for MEKP and CHP, 
respectively.  
One explanation for the significant decrease of CHP’s T0 in the presence of DCA is the acid 
lowers the activation energy of the CHP homolytic cleavage, thereby creating a faster 
decomposition when combined with the iron promoter. A similar decomposition of tert-butyl 
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hydroperoxide by sulfuric acid was previously reported which led to the initiation of a methyl 
methacrylate polymerization.
22–24
 Furthermore, DCA catalyst does not appear to be strong 
enough to decompose CHP through heterolytic cleavage by initial tests. Solutions containing 10 
wt% CHP in deuterated chloroform with 0.1 and 1 v/v% DCA additives were analyzed by GC-
MS (gas chromatography-mass spectrometry) and 
1
H NMR for heterolysis products phenol and 
acetone. Neither decomposition product was observed even after aging for multiple days. 
 
Figure 4.7 Redox, radical and acid-induced decomposition pathways of hydroperoxide 
initiators. Hydroperoxide groups are shown in blue, the central oxygen-oxygen bond of 
MEKP is highlighted red.
19,22,25
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Table 4.2 Thermal decomposition of peroxide initiators with 0.1 and 1 v/v% DCA 
catalyst. Heating rate 5 °C/min from 25-275 °C. 
Sample 
T0 (°C)
b
 
MEKP CHP 
Neat initiator
a
 128 208 
Initiator + 0.1 v/v% DCA 118 177 
Initiator + 1.0 v/v% DCA 111 154 
a
10 wt% initiator in dimethylphthalate 
 bTemperatures ± 2 °C 
   
With the addition of the catalyst, the thermal onset of MEKP decomposition remains above 
100 °C. However, acid-induced decomposition of MEKP is more complex since it contains two 
types of oxygen-oxygen bonds, a peroxide, ROOR, and hypdroperoxide, ROOH. If acid causes 
heterolytic cleavage the weaker RO-OR bond, monomeric MEKP is a possible reaction 
product.
25
 The monomeric form of MEKP decomposes at much lower temperatures, 30‒56 °C,19 
and has been attributed to the thermal instability of MEKP in commercial compositions.
8,19
 There 
was evidence of the monomer exotherm appearing around 50 °C in the thermal traces of MEKP 
and DCA catalyst from Table 4.2. To improve the resolution of the exotherm peak, the heating 
rate was slowed to 1 °C/min and ramped from 0‒200 °C (Figure 4.8). However, no peak was 
observed around the decomposition temperature of monomer MEKP.  
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Figure 4.8 Thermal decomposition of MEKP by dynamic scanning calorimetry. 10 wt% 
MEKP in dimethylphthalate and 1 v/v% DCA catalyst. Heating rate 1 °C/min from 0‒
200 °C. 
It is also well known that redox-initiated systems are pH-dependent, which influences the 
oxidation state of the metal promoter. Iron gluconate (initiator system II) activity may be 
enhanced in acidic conditions (Fe
2+
 favored over Fe
3+
)
26,27
 while cobalt naphthenate activity 
(initiator system I) decreases in acidic solutions as seen in Chapter 2. Nevertheless, orthogonality 
of the two-stage system was improved in the gel stage with the introduction of initiator system II. 
While the polymer stage is affected by the acid catalyst, the polymerization is promoted, not 
inhibited, in the improved initiator system II. 
4.5 Reaction Kinetics 
Rheology provides a strong basis for understanding the effect gel and polymer stages have 
on each other (Figures 4.4 and 4.6); however, determining the exact reaction kinetics of the 
combined system remains challenging. The kinetics of the neat gelation chemistry has previously 
been investigated by Liu et al.
7
 They found that the pre- and postgelation reaction kinetics were 
pseudo second-order giving the following equation: 
 t1 = ρc/(1-ρc)k1-1[A2]0-1 (4.1) 
where 𝑝c is the critical extent of reaction for gelation, 𝑘1 is the rate constant for 
acylhydrazone formation, and [A2]0-1 is the initial molar concentration of the acylhydrazine 
functional groups of Gelator A. The rate constant k1 is highly dependent on the catalyst 
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concentration which was held at 13 v/v% acetic acid in their study. A more relevant investigation 
for the two-stage healing chemistry is the effect catalyst concentration has on k1 and how the rate 
varies depending on the monomeric solvent. Reaction kinetics was examined in monomer NN-
DMA using in situ FT-IR. Model compounds (Scheme 4.1) were used in lieu of the gelators to 
simplify the experiments. Investigation of additional monomers was limited due to the poor 
solubility of Acylhydrazone 1 (N-benzylidenebenzohydrazide) at room temperature. 
 
Scheme 4.1 Benzoic hydrazide and benzaldehyde were used as the model compounds for 
Gelators A and B, respectively. Addition of acid catalyst forms quantitative amounts of 
Acylhydrazone 1, N-benzylidenebenzohydrazide.  
Kinetic measurements were conducted in NN-DMA at 0.1 M concentrations of 
benzaldehyde and benzoic hydrazide for the DCA-catalyzed formation of Acylhydrazone 1. In 
situ FT-IR spectra were recorded every 10 s monitoring the formation of the Acylhydrazone 1 
N‒C (NHC=O) stretch band28,29 at 1273 cm-1 and disappearance of benzaldehyde aromatic C‒H 
bend (in-plane =CHX) band
29,30
 at 1208 cm
-1
. A representative reaction catalyzed by 0.05 v/v% 
DCA is shown in Figure 4.9 (slight excess of benzaldehyde was added). Hydrazone formation 
was monitored at all catalyst concentrations finding pseudo first-order kinetics. Linear fits of the 
data were obtained using the Guggenheim method
31
 by plotting the ln(Bt + ∆t – Bt) vs. time with 
slope 𝑘obs.
32,33
 Figure 4.10 shows the 𝑘obs vs. catalyst concentration in NN-DMA. The reaction 
rate is relatively linear with increasing catalyst, yet accurate rate constants were difficult to 
obtain for 1 and 2 v/v% DCA catalyst. At the higher concentrations, the formation reactions have 
half-lives of only 5-15 s. In addition, the discrepancy between the reaction order of the model 
compounds (pseudo first-order) and the gelators (second-order) in Liu et al. is likely due to the 
missing polymeric component.   
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Figure 4.9 In situ FT-IR monitoring of hydrazone formation in NN-DMA. Appearance 
of Acylhydrazone 1 N‒C stretch28,29 at 1273 cm-1 and disappearance of benzaldehyde 
aromatic C‒H bend29,30 at 1208 cm-1. Reaction conducted at 0.1 M benzoic hydrazide and 
benzaldehyde (slight excess of aldehyde) concentrations in NN-DMA using 0.05 v/v% 
DCA catalyst. Acid catalyst added at 50 s, measurements recorded at 10-second intervals. 
 
Figure 4.10 Plot of 𝑘obs vs. DCA catalyst loading for the formation of Acylhydrazone 1. 
Rate constants for two trials are shown. 
Although kinetic measurements focused on bond formation, hydrazones are reversible and 
in equilibrium with the aldehyde and hydrazine components (Scheme 4.2).
32,34
 However, the 
kinetic studies by Liu et al.
7
 ignored the reverse reaction (𝑘d, hydrolysis of the hydrazone) for 
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experiments at room temperature. Their equilibrium constant, Keq, is very large (8000 M
-1
) at 25 
°C and they conclude that 𝑘d is therefore negligible. Similarly, hydrazone formation was strongly 
favored in the reaction kinetics of the model compounds. Acylhydrazone 1 formed in ~60 s 
using 0.5 v/v% catalyst and then the reaction mixture was aged for 12 h to reach equilibrium 
(Figure 4.11). After 12 h, no benzaldehyde peaks are visible in the spectrum whereas a solution 
of 0.2 M benzaldehyde in NN-DMA aged for 12 h has strong bands at 1700 and 1200 cm
-1
. 
Despite the fact the equilibrium strongly favors hydrazone formation, the dynamic bonds are 
supposedly the reason acylhydrazone gels have self-healing properties (additional discussion in 
Chapter 2).
6,7
 
 
 
Scheme 4.2 Equilibrium process for reversible hydrazone formation.32 
 
Figure 4.11 IR (ATR) spectra of reaction components over time in NN-DMA. 
Hydrazone formation conducted at 0.1 M benzaldehyde and benzoic hydrazide 
concentrations with 0.5 v/v% DCA catalyst. Acylhydrazone 1 is fully formed at 57 s and 
after aging for 12 h there is no evidence of hydrolysis. No benzaldehyde peaks apparent 
at either time point. 
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4.6 Evaluation of Properties for Regenerative Healing 
Five new two-stage chemistries were developed and demonstrate time-controlled and 
triggerable rheological transitions. Further development into a regenerative chemistry requires 
compatibility with microvascular delivery and effective damage recovery. We have previously 
described our regeneration concept using two-stage polymer chemistries.
5
 Regenerative healing 
agents are delivered through vascular channels embedded in an epoxy substrate. A computer-
controlled, pressurized system delivers the fluids as low viscosity sol solutions to the damage 
region. Rapid gelation forms a scaffold that supports the deposition of additional healing agent at 
volumes an order of magnitude greater than nonreactive fluids.
5
 Restoration of mechanical 
function is accomplished by final transformation to polymer (Figure 4.12). The regenerative 
potential of new two-stage polymers must also consider the monomer wetting performance, 
solution stability and final mechanical properties.  
 
Figure 4.12 Regeneration concept of the two-stage polymer chemistry. Impact damage 
creates a through-hole void, initiating release of the healing agents (gelators, red and blue 
symbols; monomer, gray circles) from embedded vascular channels, time t0. Time t1, the 
gel stage forms a covalent gel scaffold supporting additional deposition of fluids. 
Subsequent polymer stage at time t2, recovers mechanical function by polymerization of 
the healing agent. 
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In microvascular systems, the surface energy of the healing agents influences wetting of the 
damage region.
35
 For small damage volumes (e.g. crack planes), capillary forces alone are 
effective to retain healing agents. As the damage region increases to millimeter-sized voids, the 
healing agents will preferentially wet the material surface rather than remaining in the damage 
volume. To overcome this challenge, we have previously applied superoleophobic/ 
superhydrophobic coatings to the surface.
5
 Using the same non-wetting coating Ultra-Ever 
Dry®, we measured the monomer contact angles (CA) on both bare and coated epoxy substrates 
(Figure 4.13 and Table 4.3). All monomers readily wet the bare epoxy surface with contact 
angles less than 23°. However, the non-wetting performance of the coated surface varied 
significantly per monomer. HEA (CA 163.8 ± 3.3°) and PEM (CA 145.6 ± 7.5°) were non-
wetting on coated surfaces. NN-DMA was exhibited some non-wetting behavior with CA 66.5 ± 
21.8°. Conversely, the coating did not effectively prevent wetting of both HPMA and MAA 
where the latter fully wets the surface. Many coatings’ superoleophobicity is limited to oily 
fluids with surface energies above 35 mN/m.
36,37
  
 
Figure 4.13 Monomer wetting performance. Static contact angle of monomers on Ultra-
Ever Dry® non-wetting coating and bare epoxy. Inset: optical images of monomer 
droplets on coated surfaces. MAA fully wets both coated and uncoated epoxy samples 
such that the contact angle could not be measured. *HEMA data is added for reference 
from Chapter 3. 
Ease of delivery through microvascular networks and into damage regions requires stable, 
low viscosity healing agents.
35,38
 Many healing systems are delivered as two-part solutions, 
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generally a viscous epoxy resin (~11,000‒13,000 mPa·s) which must be modified with a diluent 
and a lower viscosity curing agent for final solution viscosities of 50‒1,400 mPa·s.35 High 
viscosity solutions often limit migration into cracked planes and/or poorly heal because of 
difficulty in mixing, leading to stoichiometric mismatch.
4,35,39
 Viscosity also plays a role in 
network design and ease of delivery, requiring larger channels or higher pressures for delivery.
4
 
In contrast, viscosities of the two-stage solutions range from as little as 8 to 37 mPa·s (Table 
4.3). Stability of the healing solutions is achieved by segregating the reaction-triggering 
compounds; as long as the gel catalyst is separated from Gelators A & B and the initiator is 
separated from the promoter, the solutions are non-reactive until mixed. Working stability was 
tested by measuring the Part A and Part B solution viscosities over 8 hours with a shear rate of 1 
s
-1
 (Figure 4.14). Monomers with both high polarity and the lowest viscosity, NN-DMA and 
MAA, were the most stable and act as the best gelator solvents. Part A solutions maintained a 
constant viscosity in all monomers, except in HPMA where at this concentration Gelator A self-
assembled after 30 min. The gelators are split to yield equal solids by weight in the two-part 
solutions; thus both gelators are in Part B. Lack of catalyst and off-stoichiometry prevent the 
gelators from crosslinking (in acidic MAA, off stoichiometry alone hinders gelation). However, 
viscosity of Part B solutions increases ~10 mPa·s in poorer solvents (HEA, PEM and HPMA), 
likely caused by bond formation. The viscosity levels after 8 h, however, and remain well below 
the viscosity range of healing agents used in previous microvascular systems.  
 
 
103 
 
 
Figure 4.14 Stability of two-stage healing agents as Part A-Part B solutions. 
Composition of each solution given in upper right, only initiator system II contains co-
accelerator (NN-DMA, PEM, HPMA). Component concentrations for each monomer is 
given in Section 4.8.4. Viscosity (η) measured at a shear rate of 1 s-1. 
Material regeneration requires the combination of gel and polymer stages. Without 
transformation to the polymer stage, the gel chemistry fills large damage volumes but does not 
recover the mechanical properties of the substrate.
5
 Final moduli of the two-stage polymers were 
investigated using dynamic mechanical analysis. Two-part solutions of each monomer system 
were mixed by mechanical stirring and quickly poured into a mold. Samples were cured in a 
purging nitrogen environment for 24 h (PEM, HPMA, MAA) or 48 h (HEA, NN-DMA). The 
tensile storage modulus (E’) was recorded as a function of frequency from 0.1‒100 Hz on 
samples cut into thin bars (20 x 5 x 0.5 mm). Moduli at 1 and 10 Hz are given in Table 4.3. Both 
PEM and HPMA have storage moduli above 1 GPa, similar to commercial PMMA
40
 and many 
structural adhesives.
41
 The stiffness of NN-DMA and MAA are an order of magnitude lower 
followed by HEA which reached a storage modulus of 3.31 ± 0.33 MPa at 10 Hz. Although the 
mechanical performance of some monomers was poor due to incomplete curing, the modulus of 
each two-stage system increased by at least two orders of magnitude from the gel stage.  
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Table 4.3 Wetting, stability, and mechanical performance of two-stage systems. *HEMA 
data is added for comparison from results given in Chapter 3. Viscosity and storage 
modulus data for HEMA contained Gelator A (Mn 1000 Da) and 2 v/v% DCA catalyst. 
Two-stage 
system 
Monomer Contact Angle Solution Viscosity at 8 h Two-stage Polymers E' 
(°) (mPa·s)
a
 (GPa) 
Coated Bare Surface Part A Part B 1 Hz 10 Hz 
HEMA* 163.0 ± 11.2 18.4 ± 7.6 22 54 0.91 ± 0.12 1.16 ± 0.11 
PEM 145.6 ± 7.5 17.5 ± 4.5 40 37 1.09 ± 0.10 1.34 ± 0.12 
HPMA 17.2 ± 7.7 15.0 ± 4.4 gel 31 1.06 ± 0.12 1.32 ± 0.14 
NN-DMA 66.5 ± 21.8 11.1 ± 3.0 8 8 0.24 ± 0.10 0.32 ± 0.10 
MAA ― ― 10 22 0.13 ± 0.04 0.17 ± 0.04 
HEA 163.8 ± 3.3 22.1 ± 6.0 22 36 2.77 ± 0.27 MPa 3.31 ± 0.33 MPa 
a
Viscosity data ± 2 mPa·s 
     
4.7 Conclusions 
In summary, five two-stage chemistries were developed, each employing a combination of 
versatile gelation chemistry and polymerization of monomeric solvents. Both stages were 
designed with specific reaction triggers (i.e. acid-catalyzed gelation and promoted radical 
initiation) to provide temporal control of the rheological transitions. Orthogonality of the stages 
was improved by introducing a stable initiator system based on cumene hydroperoxide. Each 
two-stage chemistry exhibits tunable rheological transitions displaying induced gelation within 
18 min, followed by subsequent gel-to-polymer hardening via polymerization over 2 hours. 
Some of the monomer systems discussed may serve as regenerative healing agents, as they 
exhibit favorable wetting performance, remain stable liquid states over 8 h, and afford final 
polymers with high moduli. The capability of polymerizable self-supporting networks will 
enable broad application in other advanced material systems including lithographic materials and 
biomedical composites. 
4.8 Experimental Section 
4.8.1 Materials and Methods 
Unless otherwise stated, all starting materials were obtained from commercial suppliers and 
used without further purification. Hydroxypropyl acrylate was purchased as a mixture of 
isomers. HPMA was purchased as a mixture of 2- and 3-hydroxypropyl methacrylate. Initiating 
components were added by weight percent of solution, methyl ethyl ketone peroxide (MEKP, 
Luperox DDM-9, ~35 wt%), cobalt naphthenate (CoNp, 6% Co, Strem Chemicals), cumene 
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hydroperoxide (CHP, 80%, Sigma), iron (II) gluconate (Fe
2+
, 0.1 M in water, 1.02 g/mL), 
hydrazine hydrate (16 v/v% in water, Sigma), and 1,2,3,4-tetrahydroquinoline (THQ, 98%, 
Sigma).  
1
H NMR spectra were obtained with a Varian Unity 400, Varian Unity 500 MHz, or Varian 
VXR 500 MHz spectrometer in the NMR laboratory at the University of Illinois. Chemical shifts 
are reported in δ (ppm) relative to the residual solvent peak. Splitting patterns are designated as s 
(singlet), d (doublet), t (triplet), dd (doublet of doublets), m (multiplet), and br (broad). 
MALDI-TOF mass spectra were obtained with a Bruker Daltonics UltrafleXtreme MALDI 
TOF. The ions were accelerated under a potential of 20 kV and an external mass calibration was 
used (PEG 1500, Sigma-Aldrich). Samples were prepared from polymer sample (1 mg/mL in 1:1 
(v/v) acetonitrile:water with 1% trifluoroacetic acid) and matrix solution 4-hydroxy-α-
cyanocinnamic acid (CCA, at 10 mg/mL in 1:1 (v/v) acetonitrile:water with 1% trifluoroacetic 
acid). 
Differential Scanning Calorimetry (DSC) was done using a Mettler-Toldeo DSC821e, 
calibrated by indium, octane and zinc standards. Unless otherwise indicated, the heating rate was 
5 °C/min. For each analysis, approximately 6 mg of sample were accurately weighed (± 0.02 mg) 
into an aluminum pan, which was hermetically sealed. 
Infrared (FT-IR) spectra were recorded on a Perkin Elmer Spectrum BX spectrophotometer 
equipped with a Mettler-Toledo ReactIR
TM
 probe for in situ reaction monitoring. The 
background was taken as neat NN-DMA monomer. Scans were collected at ten second intervals. 
Absorbance at 1220 cm
-1
 was subtracted from spectra to account for baseline drift during the 
experiments. Additional absorbance and % transmittance spectra were acquired on a Nicolet 
Nexus 670 FT-IR spectrometer with an ATR attachment. 
4.8.2 Gelator Synthesis 
Bis-acylhydrazine-terminated poly(ethylene glycol) (Gelator A) 
 
Gelator A was prepared in three steps. First, dimesylate PEG (1) was synthesized by slight 
modification of published procedure, increasing chain length from 1000 to 2000 Da.
5
 
Poly(ethylene glycol) (Mn = 2000 Da) (100 g, 0.05 mol) was dried under vacuum at 80 °C 
overnight, cooled and dissolved in dry dichloromethane (DCM). The solution was charged with 
triethylamine (0.40 mol) under nitrogen. The solution was cooled to 0 °C and methanesulfonyl 
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chloride (0.40 mol) was added dropwise. After stirring at room temperature for 48 h, the 
resulting suspension was filtered to remove precipitate and diluted with water. The solution was 
extracted with DCM, washed with 1 M HCl and brine. Product solution was then dried over 
MgSO4 and condensed in vacuo. The concentrated oil was next precipitated by dropwise addition 
into cold ethyl ether. A light yellow product was collected and dried to yield 1, 98–99% 
functionalized (79.8 g, 74%). 
1H NMR (400 MHz, CDCl3) δ 4.36 (t, 4H), 3.74 (t, 4H), 3.70–3.59 
(m, CH2 PEG), 3.06 (s, 6H, CH3 mesyl). HRMS (m/z): [M + Na]
+
 Calcd for C94H190O51S2Na, 
2223.165; found, 2223.057. 
 
 
Figure 4.15 1H NMR of dimesylate poly(ethylene glycol) 1 in CDCl3. 
Methyl benzoate-terminated poly(ethylene glycol) (2). Dimesylate PEG 1 (78 g, 0.036 
mol), methyl 4-hydroxybenzoate (0.11 mol) and potassium carbonate (0.22 mol) were refluxed 
in acetone overnight. The solution was condensed and diluted with water, extracted with DCM, 
and dried over MgSO4. Product solution was concentrated and precipitated in cold ethyl ether. A 
white product was collected and dried to yield 2, 99% functionalized (70.4 g, 85%). 
1
H NMR 
(400 MHz, CDCl3) δ 7.98 (d, J = 9.0 Hz, 4H, aromatic), 6.94 (d, J = 9.0 Hz, 4H, aromatic), 4.18 
(t, 4H), 3.90–3.86 (m, CH3 benzoate, PEG), 3.74–3.59 (m, CH2 PEG). HRMS (m/z): [M + Na]
+
 
Calcd for C108H198O51Na, 2335.283; found, 2335.399. 
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Figure 4.16 1H NMR of 2 in CDCl3. 
Bis-acylhydrazine-terminated poly(ethylene glycol) (Gelator A). Compound 2 (69 g, 
0.030 mol) was dissolved in EtOH with heating. Hydrazine hydrate solution, 80% in water (2.71 
mol) was added and the solution refluxed for 16 h. The solution was condensed and diluted with 
water, extracted with DCM and washed with 1:1 water:brine. The organic layer was dried over 
Na2SO4, condensed and precipitated in cold ethyl ether. A white product was collected and dried 
to yield Gelator A, 96% funct., 91–93% overall functionalization (46.9 g, 68%). 1H NMR (500 
MHz, DMSO) δ 9.61 (s, 2H, NH), 7.79 (d, J = 8.8 Hz, 4H, aromatic), 6.99 (d, J = 8.7 Hz, 4H, 
aromatic), 4.41 (br s, 4H, NH2), 4.13 (t, 4H), 3.74 (t, 4H), 3.67–3.43 (m, PEG).  HRMS (m/z): 
[M + Na]
+
 Calcd for C106H198O49N4Na, 2335.306; found, 2335.348.  Percent functionalization 
was determined as previously described.
5
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Figure 4.17 1H NMR of Gelator A (A2000) in DMSO-d6. 
 
Figure 4.18 MALDI-TOF mass spectrum of Gelator A (A2000). Full spectrum of 
oligomer (left). Expanded region of spectrum showing major peaks and two minor series 
(right). 
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Tris[(4-tolylsulfonyl)methyl]ethane (Gelator B) 
 
Gelator B was synthesized in two steps following reported procedure.
5
 Spectroscopic data 
agree with those reported. 
4.8.3 Model Hydrazone Synthesis 
N-benzylidenebenzohydrazide (Acylhydrazone 1) 
 
Acylhydrazone 1 was prepared following reported procedure.
42
 Benzoic hydrazide (0.85 g, 
6.3 mmol) was dissolved in 15 mL of ethanol and then benzaldehyde (0.55 g, 5.2 mmol) was 
added. The solution was heated to reflux for 2.5 h and then cooled to room temperature. Product 
precipitated out while cooling. The white powder was collected by vacuum filtration and rinsed 
with ether. Drying under vacuum gave Acylhydrazone 1 (1.11 g, 95%). 
1
H NMR (400 MHz, 
DMSO) δ 11.87 (s, 1H), 8.46 (s, 1H), 7.93 (d, J = 7.2 Hz, 2H), 7.75 (d, J = 6.1 Hz, 2H), 7.62‒
7.52 (m, 3H), 7.51‒7.46 (m, 3H). 
4.8.4 Reagent Solutions 
Solutions contain 12 wt% gelators (3:2 mol ratio A:B) and use dichloroacetic acid as the 
gelation catalyst unless otherwise stated. All concentrations are with respect to monomer. 
Gelators were dissolved in monomer via sonication for 5-10 min. Rheometric solutions were 
prepared as follows:  in gel-only formulations, catalyst was then added and quickly mixed by 
vortex mixer; in two-stage formulations, initiating components were added sequentially and 
mixed between additions, first promoter, co-accelerator (initiator system II only), initiator and 
finally the gelation catalyst. Two-part solutions were prepared following compositions and 
concentrations listed in Table 4.4. 
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Table 4.4 Component concentrations for two-part solutions. 
Two-stage 
system 
Part A
b
   Part B
c
 
Promoter   Catalyst   Initiator    Co-accelerator 
CoNp Fe
2+
   DCA   MEKP CHP   THQ Hydrazine 
(wt%) (wt%)   (v/v%)   (wt%) (wt%)   (wt%) (v/v%) 
PEM ─ 0.08  1 
 
─ 1.5  0.021 ─ 
HPMA ─ 0.32  1 
 
─ 1.5  0.043 ─ 
NN-DMA ─ 0.16  1 
 
─ 1.5  ─ 0.035 
MAA 0.15 ─  1 
 
1.5 ─  ─ ─ 
HEA 0.15 ─  1 
 
1.5 ─  ─ ─ 
a
All concentrations with respect to monomer. 
b
Contains Gelator A (56%). 
c
Contains Gelator A (44%) and 
Gelator B. 
 
4.8.5 Co-accelerator Screening 
Co-accelerators N,N-dimethyl-p-toluidine (DMPT), 1,2,3,4-tetrahydroquinoline (THQ), 
hydrazine hydrate (16 v/v% in water), 1-acetyl-2-phenylhydrazine (APH, 20 wt% in methanol) 
and sodium hydroxymethylsulfinate hydrate (rongalite, 30 wt% in water) were screened in 0.5 
mL of monomer containing 1 v/v% catalyst, 1.5 wt% CHP, 0.32 wt% Fe
2+
 (1 mol CHP:4 mmol 
Fe
2+
). Co-accelerators were tested at two molar ratios 1:10 and 1:100 mol (Fe
2+
:co-accelerator). 
Samples were cured for 16 h in a purging nitrogen atmosphere. Results are summarized in Table 
4.1. Polymer stiffness was assessed qualitatively by depressing samples with a spatula. Hard 
polymer samples, designated p, could not be easily depressed. Soft gel-like samples or those 
containing some polymer were defined wp. No observable polymer was designated as n, no 
polymer.  
4.8.6 Mechanical Characterization 
The gel transition (t1) was determined using tabletop rheology by inversion of 0.5 mL 
samples in 10 mm cylindrical vial.
43
 Rheometric data for two-stage curing and polymerization 
onsets (t2) were obtained with a TA Instruments AR-G2 rheometer using 25 mm parallel 
aluminum plates (~0.5 mL samples) at room temperature in a purging nitrogen atmosphere. Time 
sweep tests were performed at a strain of 0.1% and frequency of 1 Hz under normal force 
control. True polymerization onset was defined as the point at which the storage modulus (G’) 
rapidly increases in slope from the gel stage plateau region, position  in Figure 4.19. As the 
monomer polymerizes, the sample characteristically shrinks by ~10%. To avoid creating stresses 
in the material, the gap height between the rheometer plates is decreased according to the 
measured axial force and held at 3 N tension. Consequently, the drop in axial force, position  
in Figure 4.19, occurs at approximately the same time as the sharp modulus increase, . Onset 
times were defined as the intersection point of two linear trendlines. The difference between  
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and  was only 1 min. The time given from  was used to define t2 because the linear fitting 
was greater (R
2
 97-99%) for this method. Previously (Chapter 3), we defined t2 as the peak of tan 
delta (G”/G’) which gave a single unique point without fitting, . Method  was chosen to 
minimize the length of each experiment (45 min faster than tan delta G”/G’) and provide a better 
indication of the gel stage end. 
 
Figure 4.19 Defining polymerization onset, t2. Representative rheological properties of 
two-stage HPMA. The three methods of defining t2 are at position  linear fit of G’sharp 
increase from the gel plateau (64 min),  linear fit corresponding to axial force drop that 
occurs during polymerization (65 min), and  peak of tan delta (G”/G’) which occurs 
further into the curing process but gives a single unique time without fitting (110 min). 
Option  was used throughout this Chapter.  
Part A-Part B solution viscosity was obtained using a TA Instruments AR-G2 rheometer 
using 40 mm parallel aluminum plates (~1.5 mL samples) at room temperature. Solutions were 
prepared following concentrations listed in Table 4.4. Gelators are split to give equal weight 
solids in each solution and dissolved in an equal volume of monomer. The viscosity was 
measured over 8 h with a fixed shear rate of 1 s
-1
. Viscosities of the two-part solutions before and 
after aging for 8 h are given in Table 4.5.  
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Table 4.5 Viscosity of Part A and Part B solutions. 
Two-stage 
System 
Initial (0 h) Viscosity Final (8 h) Viscosity 
Part A (mPa·s) Part B (mPa·s) Part A (mPa·s) Part B (mPa·s) 
NN-DMA 5.0 4.0 8.0 8.0 
HEA 25 18 22 36 
HPMA 33 23 gel 31 
MAA 10 20 10 22 
PEM 40 23 40 37 
 
 
Final mechanical properties of two-stage polymers were characterized using dynamic 
mechanical analysis with a TA Instruments RSA III. Two-part solutions, prepared following 
concentrations in Table 4.4, were mechanically mixed and poured into molds. Samples were 
cured in a purging nitrogen atmosphere at room temperature for 24 h (HPMA, PEM, MAA) and 
48 h (HEA and NN-DMA) before cutting into rectangular bars (20 x 5 x 0.5 mm). The tensile 
storage (E’) and loss (E”) moduli were recorded as a function of frequency (0.1 – 100 Hz) at 
0.1% strain (Table 4.3). Representative plots for each two-stage polymer are shown in Figure 
4.20. 
 
 
Figure 4.20 Representative plots storage modulus of the two-stage polymers as a 
function of frequency obtained by Dynamic Mechanical Analysis (DMA). 
4.8.7 Contact Angle 
Contact angle was used to characterize the non-wetting performance of sample coatings. A 
computer-controlled syringe pump (KD Scientific) deposited 5 μL of monomer through a 150 
μm syringe tip onto leveled surfaces of coated and bare epoxy substrate. The epoxy samples 
(EPON 828/EPIKURE 3230, Momentive) were cured according to manufacturer specifications 
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(80 °C for 2 h and 125 °C for 3 h). Images were recorded with a CCD (QImaging Micropublisher 
3.3 RTV) and an attached lens (Nikon AF Micro Nikkor 60 mm 1:2.8D) illuminated from behind 
(Dolan-Jenner QVMABL). Images of surface droplets were analyzed using the DropSnake
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plugin on ImageJ software. Five drops were analyzed and averaged for each combination of 
coating material and monomer (Table 4.3). 
4.8.8 In situ FT-IR Monitoring of Acylhydrazone Formation 
The model compounds benzaldehyde, benzoic hydrazide, and Acylhydrazone 1 have strong 
absorption bands with little overlap (Figure 4.21). However, many of the monomer solvents have 
bands that overlap with compounds peaks outside of the fingerprint region (Figure 4.22). Two 
solvents were initially screened for in situ experiments, PEM and NN-DMA which exhibit 5‒8 
min differences in gel times for the same catalyst concentrations (0.05 and 0.1 v/v%, 
respectively). ATR-IR spectra of 0.1 and 0.2 M model compound concentrations in monomer are 
shown in Figure 4.23 and 4.24. Hydrazone solubility was limited in many monomers including 
PEM. Therefore, experiments were conducted in NN-DMA which was a good solvent for all 
compounds. 
In situ FT-IR experiments were conducted in quartz cells at room temperature. First, 2 mL 
of a 0.2 M solution of benzoic hydrazide in NN-DMA was added to the cell. The reaction 
sequence was then started (time 0). Next, 2 mL of a 0.2 M solution of benzaldehyde in NN-DMA 
was added, followed by DCA catalyst (0.05‒2 v/v%). Eight scans were averaged to give a single 
spectrum at 10-second intervals (6 spectra/min). The appearance of the Acylhydrazone 1 N‒C 
stretch at 1273 cm
-1
 and disappearance of benzaldehyde aromatic C‒H bend at 1208 cm-1 were 
monitored over 30 minutes. Reaction profiles for a slow (0.05 v/v% catalyst) and fast (2 v/v% 
catalyst) reactions are shown in Figure 4.25 and Figure 4.26, respectively. 
The Guggenheim method
31,32
 was employed to determine the rate constant 𝑘obs for each 
catalyst loading. Using this method, rate constants were obtained without determining the 
absorption at t∞. The reaction data was plotted as the ln(Bt + ∆t – Bt) vs. time, where B is the 
absorbance of the benzaldehyde peak at 1208 cm
-1
 and ∆t is a constant increment (Figure 4.27). 
Slope of the line gives 𝑘obs. ∆t was chosen as 2‒3 times the half-life of the reaction.
33
 Table 4.6 
lists the reaction half-lives, ∆t, and 𝑘obs for all concentrations of DCA catalyst in NN-DMA. 
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Figure 4.21 ATR-IR spectra (% transmittance) of model compounds: Acylhydrazone 1 
(red trace), benzaldehyde (purple trace), and benzoic hydrazide (black trace). 
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Figure 4.22 ATR-IR spectra of neat monomers. 
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Figure 4.23 ATR-IR spectra (% transmittance) of model compounds in monomer PEM. 
Background spectrum is neat monomer. Large absorption bands of PEM mask or 
interfere with compounds peaks, particularly the benzaldehyde C=O stretch at 1700 cm
-1
. 
Both benzoic hydrazide and Acylhydrazone 1 have poor solubility in PEM. No peaks 
were detected for the hydrazone at room temperature. 
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Figure 4.24 ATR-IR spectra (% transmittance) of model compounds in monomer NN-
DMA. Background spectrum is neat monomer. Large absorption bands of NN-DMA 
mask or interfere with compounds peaks, particularly the benzaldehyde C=O stretch at 
1700 cm
-1
. Benzaldehyde and Acylhydrazone 1 peaks at 1200 and 1280 cm
-1
, 
respectively, do not overlap with solvent and were monitored in in situ experiments. 
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Figure 4.25 Representative reaction profile by in situ FT-IR of 0.05 v/v% DCA catalyzed 
hydrazone formation in NN-DMA. Disappearance of benzaldehyde aromatic C‒H peaks 
(blue trace) and appearance of Acylhydrazone 1 N‒C peaks (black trace). Reaction is 
approximately complete in 250 s. 
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Figure 4.26 Representative reaction profile by in situ FT-IR of 2 v/v% DCA catalyzed 
hydrazone formation in NN-DMA. Disappearance of benzaldehyde aromatic C‒H peaks 
(blue trace) and appearance of Acylhydrazone 1 N‒C peaks (black trace). Reaction is 
approximately complete in less than 30 s.     
 
Figure 4.27 Representative Guggenheim plot of benzaldehyde disappearance in NN-
DMA using 0.05 v/v% catalyst and ∆t = 200 s. Fitting of data points gave slope 𝑘obs of 
0.011 s
-1
 with R
2
 = 0.97.  
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Table 4.6 Reaction half-lives and corresponding Guggenheim constant increment, ∆t, for 
the rate constant 𝑘obs. 
Catalyst 
(v/v%) 
Trial 1 Trial 2 
t1/2 (s) ∆t (s) kobs (s
-1
) t1/2 (s) ∆t (s) kobs (s
-1
) 
0.05 70.9 200 0.010 61.7 200 0.011 
0.1 34.4 100 0.020 52.0 100 0.013 
0.5 17.7 60 0.039 21.7 80 0.032 
1 9.6 40 0.072 17.8 40 0.039 
2 4.1 10 0.171 6.1 10 0.113 
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